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Abstract 
Plasmonics is a recently emerged technology that enables the compression of 
electromagnetic waves into miniscule metallic structures, thus enabling the focusing 
and routing of light on the nanoscale. Over the last 20 years, researchers have used 
plasmonics to go beyond the limits of conventional optics and manipulate light on the 
nanolevel. Plasmonics can be used to miniaturise the size of integrated chip circuits 
while increasing the data transmission speed. To do this, methods for exciting, routing 
and controlling plasmons in the circuit must be established. Plasmonic waveguides are 
used to rout the plasmons inside a circuit and are a major focus of this thesis. Control 
of the propagating plasmon is also a major focus of this thesis and is vital in order to 
use plasmons in all optical circuitry. The spontaneous emission rate of an optically 
excited quantum emitter can be altered by placing the emitter in the vicinity of the 
plasmon waveguide. This will increase the available number of decay channels for 
emitter to emit photons into. This opens up the possibility of spontaneous emission to 
be captured by the plasmons on the waveguide. The above manipulation of light matter 
interaction can be effectively used to control the plasmon propagation on a waveguide. 
Numerical and experimental analysis of this QD-plasmon interaction is studied in this 
thesis.  
Finally, using the plasmon waveguides experimentally realised in this thesis, a 
plasmonic sensor is designed and tested. Plasmons are highly sensitive to the 
surrounding dielectric environment. This unique property of plasmons can be used to 
fabricate ultrasensitive detectors in sensing applications. In this work, we have utilised 
this property to build a highly sensitive and highly compact refractive index sensor.
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Chapter 1:  Introduction 
Electronic devices, circuits and components based on semiconductor technology are 
being miniaturised in order to achieve more compact devices with higher 
performances. However, the size of these devices now approaches a fundamental size 
limit and bandwidth limitations [1]. Thus, for the technology to continue to advance an 
alternative to electronics must be found. Optical interconnects such as fibre optics can 
transport huge amounts of data with considerably higher speed. However, 
conventional optical component size is limited to about half of the wavelength due to 
fundamental laws of diffraction. Recently emerged “Plasmonic” technology exploits 
unique optical properties enabling the focusing and guiding of light into nanoscale 
areas on a size scale comparable with current semiconductor technology, but providing 
speeds much faster than current semiconductor technology [2, 3]. The aim of this thesis 
is to contribute to the development of nano-scale plasmonic circuits and sensing 
technology.   
The first two sections of this chapter outline the history and background to the aims in 
this thesis. The next section describes the specific research aims. Finally, the last 
section includes an outline of the remaining chapters of the thesis. 
1.1 History: 
Gordon E. Moore in his original paper (1965) stated that the number of transistors on 
an integrated chip (IC) will increase as an exponential function with time, due to the 
decreasing size of the transistor [1]. Indeed, the size of electronic components is 
decreasing every year according to Moore’s Law. Figure 1.1 depicts the evolution of 
overall size of the microprocessors over time. In 2005, Moore said that Moore’s law 
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cannot be continued forever. If this trend were to continue, the size of electronic 
devices would reach a fundamental limit [4]. 
 
“In terms of size (of transistor) you can see that 
we’re approaching the size of atoms which is 
a fundamental barrier, but it will be two or 
three generations before we get there” 
   - Gordon E. Moore 
 
 
Figure 1.1 Evolution of microprocessor dimensions with time. Data source: Intel. 
 
Alternatives to electronics are needed to overcome this problem and further advance 
the technology. Optical fibres are used worldwide for transmitting information. Their 
ability to transfer gigantic amounts of data over long distances with high data 
transmission rate made fibre optics span the globe and researchers started wondering 
whether optics is a possible solution to replace electronic circuits. But, using optics on 
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the nanoscale has a major drawback. Conventional optical devices are limited by 
diffraction [5, 6]; light in closely placed waveguides start interfering with each other 
when the waveguide size drops below half the wavelength of the light. Plasmonics is 
a promising field in manipulating light beyond the diffraction limit, on the nanoscale 
[6-8]. A plasmon is the coherent oscillation of light interacting with conduction electrons 
of a metal. Basically plasmons fall into two categories: Localised Surface Plasmons 
(LSPs) and Surface Plasmons (SPs). LSPs are involved with bound electron plasmas 
such as in nanoparticles (NPs).  LSPs have been used since ancient times in 
manufacturing stained glasses. Figure 1.2 shows an ancient Roman goblet named the 
Lycurgus cup dating from the 4th century A.D. This cup is made of glass incorporating 
small metallic nanoparticles [7]. Due to plasmonic excitation of the suspended NPs 
inside the glass, the cup scatters blue-green light (relatively shorter wavelengths of the 
visible spectrum) giving a green hue when viewed in reflected light. When a white-
light source is placed inside the cup, the cup appears to be mostly reddish in colour as 
it transmits only the longer wavelength of the visible spectrum.   
Though LSPs have been used since ancient times the nature of LSPs has only been 
understood in recent years. Scientists have discovered that when light is incident on 
metal NPs with size smaller than the incident wavelength, the NPs can interact with 
the electric field of the incident light resulting in the coherent plasmon oscillations or 
LSPs. Resonance frequency of this oscillation strongly depends on the size and shape 
of the NP as well as surrounding dielectric medium. LSP resonance (LSPR) has shown 
promising applications in sensing [9].  
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Figure 1.2 Lycurgus cup. Due to the plasmonic excitation of metal NPs inside the glass, the cup 
appears greenish in colour when viewed in reflected light and appears reddish in colour when viewed 
in transmitted light.  
 
It wasn’t until the early 1980s, that scientists started looking into plasmonics as a new 
technique to transmit optical signals on the nanoscale. They discovered that loosely 
bound electron plasma oscillations near a metal surface can combine with an incoming 
photon from the adjacent dielectric media under the right circumstances and propagate 
along the interface as a charge-density wave. So they termed this propagating plasmon 
category as Surface Plasmons (SPs). If these SPs can be controlled and guided along 
a circuit, SPs can find potential applications in nano optical circuits. Overall, 
plasmonics is a fairly young technology opening up novel applications not only in the 
development of nano-optical circuits but also in solar cells and sensing [8, 10-15]. 
1.2 Background 
Plasmons are ideal candidates for focusing light into a nanoscale area. Plasmon 
waveguides have been proposed to be used in sensors and circuits to achieve more 
compact devices. For a plasmonic nano-optical circuit, there should be: 
1.  an efficient way to couple light in to the circuit 
2. a method to route light around the circuit, and  
3. an active control of the plasmon propagation inside the circuit.  
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Routing light: Metallic waveguides are a promising way to guide light in the circuit. 
Plasmonic waveguide structures considered in this thesis are stripe waveguides 
(nanoscale metallic bar on a glass substrate) and gap waveguides (nano slot in a thin 
metal film coated on a glass substrate). 
Control: In order to use plasmons for nano-optical circuitry, there should be a way of 
controlling the plasmon propagation. It has been  experimentally shown that placing 
an excited dipole emitter (or quantum dot, QD) near the waveguide grants control of 
the plasmon propagation [16-20]. When an optically excited dipole emitter is placed in 
proximity to a plasmonic waveguide, SPs on the waveguide can capture the majority 
of the spontaneous emission into guided plasmon modes and propagate along the 
waveguide. This light-matter interaction can be used to control SP propagation along 
a waveguide and enable Boolean operations in nano-optical circuits [21]. 
The overall aim of this thesis is to study plasmon waveguides experimentally and 
determine optimal geometrical parameters for QD-plasmon coupling. This work will 
enable the development of future nano-optical circuits and sensing devices. The 
specific aims of this thesis are as follows: 
1.3 Specific aims 
1. Conduct a detailed theoretical analysis on QD-gap plasmon interaction 
(Chapter 3). In particular, the effect of gap waveguide dimensions, QD-
waveguide distance and symmetry and asymmetry of the waveguide on QD-
plasmon interaction. 
2. Experimental realisation of two excitation techniques used in exciting 
plasmons on a nanoscale metal stripe waveguide. In particular, excitation using 
gratings and excitation using scattering of light from waveguide end (end 
coupling) will be discussed (Chapter 4). 
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3. Imaging plasmon propagation on a stripe waveguide using QDs. In particular, 
QD-waveguide distance and polarisation of the excited QDs will be determined 
(Chapter 5). 
4. Plasmonic refractive index sensor consisting of an evanescently coupled stripe 
waveguide system. Sensitivity of this design will be analysed using sucrose 
solutions (Chapter 6).  
1.4 Thesis outline 
This thesis begins with a background literature review (Chapter 1) explaining why 
plasmonics is a potential candidate in nano-optical circuitry and sensing. The literature 
review (Chapter 2) begins with an overview into the basic plasmon properties, 
plasmon excitation techniques, methods to detect and image propagating plasmons, 
applications of plasmonics, plasmonic waveguide structures, controlling the plasmon 
propagation on a waveguide using QDs and fabricating plasmon waveguides. 
QD-plasmon interactions are explored in Chapter 3 of this thesis (Aim 1). Chapter 3 
of this thesis is focused on optimising the Quantum Dot (QD) plasmon interaction in 
a gap waveguide. We theoretically studied the effect of gap waveguide dimensions, 
QD-to-waveguide distance, symmetry and asymmetry of the surrounding dielectric 
media and sharpness of the gap edges on QD-gap plasmon interaction. 
The next Chapter of the thesis is devoted to exploring methods of exciting plasmons 
on a waveguide (Aim 2). Surface plasmons cannot couple with light travelling in the 
adjacent media due to wavevector mismatch [6]. Special optical arrangements can be 
used to increase the wavevector of the incoming light to facilitate the coupling. 
Chapter 4 of this thesis is focused on exciting a bound long range SP mode on a 
nanoscale stripe waveguide. We will be comparing the efficiencies of two excitation 
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techniques used to excite plasmons on the waveguide. The two excitation techniques 
used are grating coupling and edge coupling using a highly focused laser beam.  
Monitoring of the plasmon propagation is explored in Chapter 5, (Aim 3).  If quantum 
dots are placed in proximity to a waveguide, propagating plasmons can excite the QDs. 
These QD emissions can be used to image plasmon propagation on a waveguide. The 
intensity of the QD emission is proportional to the strength of the Electric field at the 
QD’s position. In the vicinity of a metal, QD photoluminescence (PL) also depends on 
the distance of the QD to the metal surface. The emitter must be placed sufficiently far 
from the surface to reduce the QD PL quench due to ohmic losses in the metal. 
Optimising this distance to observe bound plasmon propagation on a nanoscale stripe 
waveguide is discussed in Chapter 5.   
Finally, a working plasmonic device is developed using the plasmon waveguides and 
excitation techniques. Due to the plasmon’s high sensitivity to the surrounding 
dielectric medium, plasmons can be used for sensing. This sensitivity of the plasmon 
to the surrounding environment is used to design a plasmonic refractive index (RI) 
sensor. We were able to fabricate a highly compact RI sensor with a high sensitivity 
using stripe waveguides (Aim 4). Our design consists of 3 stripe waveguides, with two 
outer arms evanescently coupling with the input arm (Figure 1.3). 
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Figure 1.3 Schematic diagram of the plasmonic refractive index sensor design used in Chapter 6. 
Sample solution is confined inside the blue box shown. 
 
This sensor can measure the refractive index change of a sample by measuring the 
output intensity in one arm. The wavenumber of the propagating wave changes when 
propagating in different dielectric media, resulting in a change in the output intensity 
at the end of the waveguide.  Results and analysis are included in Chapter 6. 
The thesis concludes with a discussion of the outcomes of the six papers presented for 
examination. In particular, for the first time, bound long range plasmons on a 
nanoscale metal stripe waveguide were excited in the visible region and the 
plasmon propagation visually observed over a 50 µm distance.  The outcome of 
this work will be beneficial for the development of passive plasmonic devices based 
on stripe waveguides. As an example of the benefits of these waveguides for passive 
plasmonic devices, a highly compact plasmonic RI sensor using two coupling 
stripes has been experimentally achieved with a resolution of 42 10 RIU 
(refractive index unit) per relative intensity change in the sample arm. Finally, the 
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theoretical investigation into QD-gap plasmon interactions will prove beneficial in 
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Chapter 2:  Literature Review 
2.1 The surface plasmon 
Surface plasmons (SPs) are collective oscillations of free electrons 
predominantly existing on metal dielectric interfaces (Figure 2.1). They are useful, 
primarily because plasmons enable confinement and routing of light on a nanoscale 
level. This cannot be achieved using conventional optics due to the diffraction limit [2, 
7].  
In the low frequency region (microwave and far infrared frequencies) only a negligible 
fraction of the impinging electromagnetic waves penetrates into the metal. With 
increasing frequencies towards near infrared and visible part of the electromagenetic 
spectrum, field penetration into the metal increases increasing dissipation. At the 
ultraviolet regime, electromagnetic waves are allowed to penetrate the metal. The 
strong frequency dependency of the optical properties of the metal can be explained 
using a complex dielectric function. The complex dielectric constant of free-electron 









                     ( 2.1) 
 
where p  is the plasma frequency of the free electron gas, and   is  the angular 
frequency of the incident light.  At the low frequency region when the frequency range 
is below the plasma frequency ( p   ), metals retain their metallic behaviour. At 
this region the real part of the dielectric constant becomes negative.  
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Figure 2.1 Schematic representation of SP on a metal-dielectric interface. The SP is propagating 
along the x direction, and its electric field is evanescently decaying along y. 
 
SPs are transverse magnetic (TM) waves in nature with only one non-zero magnetic 
field component perpendicular to the surface. The behaviour of the magnetic field of 
























     ( 2.2) 
 
where H  is the z component of the magnetic field, c is the speed of light,  is the 
permittivity and   is the angular frequency. md ,  subscripts denote the isotropic 
media in contact (dielectric and metal). The dispersion relationship can be derived 
from the above equation using conventional boundary conditions at the metal-








         ( 2.3) 
If m is negative and larger in magnitude than d , k is positive and real. This is known 
as the existence condition for the SP and is the reason why SPs can be supported by 
metal-dielectric interfaces. 
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Let’s assume the SP is excited by an incoming electromagnetic wave travelling 
through the dielectric. The wavenumber of the electromagnetic wave, dk travelling in 





          ( 2.4) 
 
When the SP existence condition is satisfied, k is larger than dk  which leads to a 
mismatch between the wavenumbers of the SP and light travelling in the adjacent 
medium. This means that SPs cannot leak into light waves travelling in adjacent 









Wavevector mismatch between incoming photons and SPs on the metal-dielectric 
interface can be eliminated using special optical arrangements. These arrangements 
increase the incoming photon wavevector. When the wavevectors match with each 
other, incoming photons can couple with SPs and propagate along the interface. The 
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term Surface Plasmon Polariton (SPP) is used for propagating plasmons. It is a mix of 
excitation of SP and propagating photon.  
2.2 SPP excitation and detection techniques 
There are several techniques to increase the wavevector of the incoming photon to 
excite SPPs. Some of these include phase matching using Attenuated Total Reflection 
(ATR), excitation via a focused laser beam, and locally exciting SPPs using a scanning 
near-field microscope.  
The simplest technique to excite SPPs is using a rough metal surface. If the surface is 
rough, SPP excitation can be achieved using light diffracting from the surface feature 
as the near field of such diffracted photons include all wavevectors (Figure 2.3). Since 
the roughness is irregular, efficiency of this technique is unpredictable and low.  
 
Figure 2.3 Light diffraction due to surface defect 
[3]
. Diffracted light consists of photons with broad 
wavevector range. Some of these photons can couple with SPs on the metal. 
 
The ATR technique has a much higher efficiency. There are two types of ATR 
techniques. One is Otto geometry and the other is Kretschmann geometry.  
Kretschmann geometry is used for thin metal films [Figure 2.4 (a)]. An incident wave 
travels through the prism at an angle of incidence greater than the angle of total internal 
reflection and illuminates the film. The photon wavevector is increased inside the 
glass. At a certain incident angle , the in-plane wavevector of the photon inside the 
prism matches with the SPP wavevector at the metal-air interface, at this point light 
will tunnel through the thin metal film and generate the SPP.  









Figure 2.4 (a) Kretschmann geometry and (b) two-layer Krestchmann geometry 
[3]
 used to excite 
SPPs on a thin metal film 
 
 
The photons can be coupled to SPPs with a very high efficiency with this technique. 
The efficiency of this method decreases with the increase of the metal thickness; this 
is because the tunnelling efficiency decreases with increasing thickness. By using a 
dielectric layer with refractive index less than that of the prism sandwiched between 
prism and metal, it is possible to excite SPPs on the inner metal interface [Figure 2.4 
(b)]. In this two layer Kretschmann geometry inner and outer surface of the metal film 
can be excited at different incidence angles. 
For a thick metal film, SPPs are excited using Otto configuration (Figure 2.5).  
 
 
Figure 2.5 Otto geometry 
[3]
 used to excite SPPs on a thick metal film. 
 
In the Otto excitation method, an incoming photon has an angle of incidence greater 
than the angle of total internal reflection at the prism-air interface. This provides an 
evanescent wave at the bottom of the prism and a reflected plane wave inside the prism. 
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The evanescent wave (also known as the tunnelling wave) can excite SPPs on the metal 
surface. Prism coupling techniques are efficient but due to prism configuration, it 
makes the system bulky. Therefore, these techniques are not overly useful in 
manufacturing miniaturised all-optical circuits.   
An alternative method to excite SPPs is to use grating coupling. A diffracted photon 
from the grating with a wavevector matched to that of the SP on the metal-dielectric 
interface can couple into SPPs. Light shines onto a grating with a periodicity of a such 
that k will be matched to that of the SP ( spk ) (Figure 2.6). The mismatch between 
wavevectors can be eliminated by phase matching whenever the condition 
vgk   sin         ( 2.6) 
 




Figure 2.6 Phase matching of light to SPPs on a metal surface using grating coupling 
 
The efficiency of the grating coupling can be increased by optimising the grating 
periodicity so that the majority of the diffracted light obtains the additional momentum 
needed to couple with the SPPs on the interface. Grating coupling is used in 
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SPPs on a metal-dielectric interface can also be excited locally using a Scanning Near-
Field Optical Microscope (SNOM). A SNOM tip consists of a fibre tip with 
subwavelength aperture. As shown in Figure 2.7 light diffracted on the aperture has a 
broad range of wavevector distribution allowing phase matching excitation of SPP at 
subwavelength precision. Dual probe SNOM can excite SPP using one probe and 
detect SPP using the other probe. SNOM SPP detection will be discussed further in 
Section 2.3. 
 
Figure 2.7 Locally excite SPPs on a metal surface using SNOM tip 
[3]
. Light transmitted through the 
aperture consists of photons with broad wavevector range allowing locally exciting SPPs. 
 
Excitation of SPPs is only part of the experimental problem. Once the SPPs are excited, 
methods for detecting and monitoring the SPP as it propagate need to be established.  
2.3 Detection and imaging of SPP 
The propagating SPs cannot outcouple directly to freely propagating light due to 
wavevector mismatch. The simplest way to detect SPPs is to capture the plasmon 
outcoupling to radiated light, which can occur when the SPP strikes a surface defect 
or discontinuity [3, 22, 23]. If the surface is rough, an excited SPP can radiate in to 
adjacent dielectric medium due to light diffracting from the surface feature. The near 
field of such diffracted photons consist of all wavevectors. Also, SPPs propagating on 
a fabricated waveguide can outcouple from the end of the waveguide due to 
discontinuity of the metal surface at the end. In experiments presented in this thesis 
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Chapter 4 and Chapter 6 used outcoupling light from waveguide end to detect SPP 
propagation on a waveguide. 
Other methods to detect SPP are; using Leakage radiation (LR), Photon Scanning 
Tunnelling Microscopy (PSTM), Scanning Near field Optical Microscopy (SNOM), 
Quantum Dots (QDs) and fluorescent dyes.  
Leakage radiation (LR) can be explained using the dispersion curve of SPPs excited at 
the metal/air interface of a perfectly smooth metal (Figure 2.8). The wavevector of the 
photon travelling in air ( 0k ) is lower than that of an SPP on the metal/air interface (
airk n c ). Therefore, SPPs do not radiate into air due to wavevector mismatch. 
However, if the metal is supported by a higher index substrate ( sn ), SPP wavevectors 
lying in the region  0 0 sk k k n   can radiatively be lost into the substrate. This is 
known as the Leakage radiation (LR). 
 
 
Figure 2.8 Generic dispersion relation of an SPP at a metal/air interface. LR into the substrate occurs 
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Leakage radiation is another loss channel in addition to inherent absorption loss inside 
the metal. The leakage radiation cone in Figure 2.8 (region of leakage radiation) can 
be used to image the SPP. 
In prism coupling configuration as described above, the total internal reflection of the 
incoming photon has the in-plane momentum sufficient to excite SPP at the metal/air 
interface via tunnelling. SPPs with propagation constants between lines of light 
travelling in air and in higher index dielectric (prism) excited by this method are leaky 
waves i.e. lose energy due to leakage radiation into the prism. The observed reflected 
beam has a minimum at the SPP excitation angle due to destructive interference of the 
reflected beam with the LR.  
In a variant to the prism coupling, Bouhelier and Wiederrecht developed a technique 
to excite SPP using a highly focused laser beam and to detect SPPs propagating along 
a thin metal film on glass using leakage radiation [24]. They used a high numerical 
aperture oil-immersion microscope objective to focus broad spectrum light on to the 
sample. Incoming light through the high numerical aperture objective has a large 
angular spread such that some angles are greater than the critical angle at glass/air. The 
sample is in contact with the objective via index matching oil. Incoming light can 
couple with the SPP via phase matching at the metal/air interface. 
If the metal film is sufficiently thin (~ 50 nm) and placed on a glass substrate, the SPP 
modes become leaky and radiate into the glass as leakage radiation [25].  The excited 
SPPs radiate back into the glass substrate as leakage radiation. LR can be collected 
using the same objective. Since the emission angle of LR is higher than the critical 
angle in the glass substrate, index-matched oil is used to avoid the total internal 
reflection at air/glass interface (Figure 2.9). LR is radiated at an angle SPP  w.r.t. the 
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normal of the interface. At this angle, phase matching is available between LR in the 
glass and the SPP on the metal-air interface [26];  
0 sinSPP SPPk nk          ( 2.7) 
 
where SPk and 0nk refers to the wavevectors of the SPP and LR respectively.  
 Detected LR at a given lateral position contains useful information about the SPP as 
it travels at the opposite interface. At every point along the SPP propagation direction 
phase and strength of the LR electric field are proportional to the electromagnetic near 
field of the SPP on the metal-air interface.  
 
Figure 2.9 Schematic of the excitation of a white-light continuum of SPPs and their observation 
through detection of the leakage radiation with an index-matched oil-immersion lens [24]. 
 
In experiments, we use a bound SP mode propagating on a waveguide as bound modes 
are necessary for the strong plasmon confinement needed in miniaturised optical 
circuits. Therefore, LR was not used in this thesis.  
One of the alternatives to LR is Photon scanning tunnelling microscopy (PSTM). 
PSTM is another one of the popular methods used in detecting SPs directly [27-29]. 
PSTM was invented by Reddick et al. in 1989[30]. PSTM operation is based on the 
frustrated evanescent field. Total internal reflection occurs on the surface of the sample 
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and a fibre tip scans over the surface. Tunnelled photons can be collected at the other 
end of the tip for analysis. The spatial resolution of PSTM depends mainly on the 
aperture size of the tip. PSTM offers detailed information on surface plasmon 
penetration depth by scanning the sample while varying the tip to surface distance and 
measuring the SP intensity locally. The same method is applied to determine the SPP 
propagation distance.  
Another very accurate SPP detection method is Scanning Near-field Optical 
Microscopy (SNOM) [31, 32].  The idea of SNOM was first proposed by Edward 
Hutchinson Synge in 1928. SNOM is also categorised under scanning probe 
microscopes and operates in a similar way to the PSTM. When a sample interacts with 
light, it creates near field and far field light components. Far-field light is utilised in 
conventional optical microscopy. The evanescent field consists of a tightly localised 
field confined near the sample surface (near field). The confinement of this field is less 
than a single wavelength of light. This evanescent field contains high spatial frequency 
information and the amplitude of the near field is highest at the first few nanometers 
from the object surface. This evanescent field decays exponentially away from the 
surface. SNOM probe is able to utilise the evanescent field before it undergoes 
diffraction. The tip of the SNOM must be kept very close to the near-field zone in 
order to collect the evanescent field. SNOM probe is available with an aperture at the 
end of the tip (aperture mode) or with a sharp tip without an aperture at the end 
(apertureless mode). Aperture mode is more popular as it is convenient to set up and 
understood well.  Surface plasmons can be imaged by raster scanning the probe tip 
over the waveguide. 
SNOM is the most powerful technique to image SPP to date. However, it is expensive, 
and time consuming to set up. Lower resolution far field detection can be less 
 46     Chapter 2: Literature Review 
expensive, easier to implement and more straightforward to interpret. Use of quantum 
dots and fluorescent dyes homogeneously distributed in the immediate vicinity of a 
waveguide is a convenient way to image SPP propagation along a waveguide [19, 28, 33-
36]. When a dye or QDs are placed in proximity to the waveguide surface, the plasmon 
generated electromagnetic field can interact with the dye molecule/QD making them 
fluoresce. Schematic excitation of QDs by plasmons is shown in Figure 2.10 below. 
Intensity of the dye/QD luminescence is proportional to strength of the plasmon field 
at that point. Distance between dye molecule/QD to waveguide surface must be 
carefully manipulated. Fluorescence rate of a dye molecule/QD becomes a function of 
the metal surface to molecule/QD distance [37].  If dye molecules/QDs are located very 
close to the metal waveguide, non-radiative losses become dominant and quench the 
luminescence. If they are placed too far away from the tail of the evanescent field, 
plasmon mediated electromagnetic fields can’t interact with dye molecules/QDs hence 
emitting intensity is lower.  
 
Figure 2.10 Schematic representation of QD excited by propagating plasmons on the waveguide 
[38]
. 
QDbulk denotes the QDs spatially displaced from the waveguide, QDpl denotes the QDs in the immediate 
vicinity of the waveguide fluoresce interacting with the plasmon mediated electric field and represents 
the polarisation angle of the incoming light. 
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Kaniber et al  have imaged SPP propagation on a lithographically defined gold (Au) 
waveguide on GaAs substrate coated with InGaAs QDs [38]. Wei et al. used QD based 
imaging to image plasmon propagation of interferometric logic gates developed using 
Silver (Ag) nanowires (NWs) [34]. QD emission images for the Ag NW logic gate are 
shown in Figure 2.11 below. 
 
Figure 2.11 (a) SEM image of a Ag NW logic gate (b) – (f) QD emission images of the logic gate in 




Fluorescence bleaching can occur due to decomposition of dye molecule after a certain 
number of absorption/emission cycles. [33]. Bleaching can be minimised by using a low 
power excitation laser. However, it can also be used for imaging. Solis et al. used 
fluorescence bleaching to image SPP propagation. This novel imaging technique is 
named Bleached Image Plasmon Propagation (BlIPP) [39]. In simple terms, this 
technique is a destructive technique which allows one to image the plasmon 
propagation utilising the photobleaching behaviour of photoluminescent dye 
molecules. First, MEH-PPV dye was coated on silver nanowires (NWs). SPPs 
generated on the NW interact with dye molecules causing it to fluoresce. When the 
sample is exposed to a laser with high power for a long time (~9 min), MEH-PPV 
starts to photobleach due to direct laser excitation at the excitation end and along the 
NW due to plasmon excitation. As shown in Figure 2.12 the intensity difference 
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between the initial image and the photobleached image is constructed into an image 




Figure 2.12 (a) Fluorescence image of BlIPP coated nanoparticle chain for 785 nm laser. (b) 





In this section we discussed using plasmon excited QDs to image plasmon 
propagation. Chapter 4 of this thesis involves using QDs to image plasmon 
propagation on a nanoscale stripe waveguide. The effect of QD-to-waveguide distance 
is studied in detail in that chapter. 
If an optically excited QD is placed in close proximity to a plasmonic structure, 
spontaneous emission (SE) of this emitter can be greatly enhanced due to increase in 
Local Density of States (LDOS) or in simple words increase in number of decay 
channels for SE to decay into. This concept can be adopted to control the plasmon 
propagation and will be discussed in more detail in Section 2.7. The ability to control 
plasmon propagation is essential in many applications, including nano-optical 
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circuitry. Theoretical investigation of QDs interacting with plasmons supported by a 
metal gap waveguide is analysed in Chapter 3 of this thesis. 
2.4 Plasmonics applications 
Now that we’ve established some of the methods for exciting and observing 
propagating plasmons, let’s discuss plasmonic applications. Surface plasmons are 
collective oscillations of electrons at the metal-dielectric interface. Optical waves can 
couple into these electrons and the combined exciton forms either localised or 
propagating surface plasmons. The plasmon resonance mainly depends on the metal 




Surface plasmon resonance (SPR) reflectivity measurements can be used to sense the 
refractive index of the surrounding dielectric medium. Propagating surface plasmons 
on a chemically functionalised metal surface can be used to monitor the binding 
molecules to the metal surface. In a typical SPR setup, surface plasmons on a metal 
film evaporated on a prism are excited in Krestchmann configuration. As discussed in 
Section 2.3 at a certain angle (resonant angle), the reflected light has a minimum. At 
the resonant angle, reflected light destructively interferes with leakage radiation of 
SPs. The dielectric constant of the metal/air interface changes when molecules are 
bound to the metal surface. Due to this modification, shift in the resonant angle occurs 
at the metal/dielectric interface due to binding molecules affecting the SPP 
propagation or the incident angle of the excitation light. Shift in the angle of the 
reflected light at SPR is used to measure the dielectric properties of different molecules 
(Figure 2.13). 
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Figure 2.13 (a) Typical SPR setup and (b) Reflectivity vs angle of incidence. Solid line represents the 
reflectivity measured at metal/dielectric interface before binding molecules and dashed line represents 
the reflectivity measured after binding molecules. The difference between the angular positions of the 
dips is often used to define sensitivity. 
 
SPRs of localised SPs are also highly sensitive to the surrounding dielectric media and 
nanoparticle based SPR sensing is widely used.  
Rough metal surfaces are also useful for sensing applications. Electromagnetic (EM) 
fields near a metal surface increase greatly when an EM wave is incident on a rough 
metal surface as opposed to a smooth film. This can be explained using two 
phenomena. First is the concentration of the EM fields at a sharp metallic tip (surface 
roughness). Second is the excitation of the localised SPs at the metal surface resulting 
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Figure 2.14 Conceptual illustration of SERS setup. Presence of a bound molecule results in strong 
enhancement in the local near-field intensity.  
 
When a molecule is bound to the roughened metal substrate, plasmons enhance the 
local near-field resulting in a strong interaction with the molecule. The increase in 
Raman signal is mainly used in Surface Enhanced Raman Spectroscopy (SERS). SERS 
signals contain detailed information about the molecular structures bound to the metal 
surface and are thus useful in identification surface bound molecules. 
Propagating SPs on a plasmon waveguide are also highly sensitive to the surrounding 
dielectric media. Slight modification to the surrounding dielectric media results in 
change in properties of the propagating plasmons (such as intensity, wavenumber, 
intensity etc). These properties can be utilised to design a refractive index sensor using 
plasmonic waveguides. More details about sensing applications are stated under Mach-
Zehnder interferometer (section 2.6). Chapter 6 of this thesis is about experimental 
realisation of such a refractive index sensor based on nano scale stripe waveguides.  
 
2.4.2 Circuits: 
As the data rates and component packing density increase in an electronic chip, the 
electrical interconnectors become increasingly limited by the RC-delay where R is the 
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circuit resistance and C is the circuit capacitance. A schematic of an electronic 
interconnect is given in Figure 2.15. 
 
 
Figure 2.15 Schematic diagram of an electronic interconnect. L is the length and A is the cross 
sectional area of the interconnect 
 
 
Resistance of an interconnector is proportional to its length (L) and inversely 
proportional to the cross-sectional area (A) is given by equation (2.8). Capacitance of 





                      (2.8) 
C L                 (2.9) 
where L is the length of the interconnector and A is the cross-sectional area. Therefore 





                 (2.10) 
We can conclude that electronic components are aspect-ratio limited in speed.  On the 
other hand, the bit rate in optical communication is fundamentally limited only by the 
carrier frequency with large amount of data carrying capacity. On-chip optical data 
communication is a promising method to address the above problem [41-43]. Therefore, 
optical alternatives will be a potential solution for future chips. The conventional 
optics are diffraction limited in size and tend to be two or three times larger than the 
nanoscale electronic counterparts. The obvious challenge is to overcome the mismatch 
L 
A 
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between sizes and interfacing these two technologies. Plasmonics is a promising 
candidate to circumvent the interfacing issue. This technology enables the 
manipulation of light in nanoscale areas. By integrating plasmonics into the electronic 
chip, it is possible to strengthen the chip performances by utilising each technology 
adequately. Using a photonic integrated circuit has its own benefits such as small size, 
faster data transmission and the reduced optical power requirement due to strong light-
matter interaction. Figure 2.16 below depicts the current operating speeds and critical 
dimensions of the different chip technologies. 
 





For an optical circuit to replace all electronic components, it should have three major 
components to handle light at the vicinity of the nanoscale [45]: 
1. An effective method of coupling light in to the circuit (Excitation) 
2. An effective method of guiding light around the circuit (waveguides) 
3. Active components to control light propagation in the circuit like components 
able to handle Boolean operations 
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A schematic of such an optical circuit is shown in Figure 2.17 below.   
 
 
Figure 2.17 Essential optical components of an all-optical circuit 
 
The above three points sum up the overall aim of this thesis. Experimental realisation 
of a plasmon waveguide for nano-optical applications is discussed in Chapter 4. The 
same chapter discusses and compares two excitation methods.  
Chapter 3 theoretically investigates how to control plasmon propagation using QD-
plasmon interaction. Chapter 5 experimentally realises how to optimise the QD-
plasmon interaction on a nanoscale stripe waveguide.  
A variety of plasmonic waveguide structures have been investigated in the literature 
with the purpose of using them in on-chip interconnects. These waveguides will be 
discussed in Section 2.5.  
2.5 Plasmonic waveguides 
SPPs can be confined and routed using plasmonic waveguides. Basic plasmonic 
waveguide structures are metal slabs, metal stripes, rectangular gaps/ v-grooves cut in 
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Figure 2.18 Basic plasmonic waveguide structures. a) Metal slab, b) metal stripe, c) gap waveguide, 
d) v-groove waveguide and e) wedge waveguide. All structures shown here are on a glass substrate 
(blue) with air superstrate (light blue), and metal is shown in yellow colour. 
 
Once SPPs are generated on a metal-dielectric interface, the next step is to study the 
properties of these propagating plasmons in order to use them in applications. SPPs 
have different properties depending on the waveguide structure they are supported by. 
Long Range SPP (LRSPP) modes supported by a metal slab have 1D confinement. 
SPP with 2D confinement can be achieved using 2D plasmonic waveguides. These 
SPP modes will be extensively discussed in this section.  
2.5.1 Metal slab.  
SPPs on a flat infinite metal surface are nonradiative and have maximal intensity at the 
metal dielectric interface. SPP waves decay exponentially away into both the metal 
and the dielectric medium (Figure 2.1). For a metal surrounded by an ideal dielectric 
medium, attenuation is mainly caused by the free electron scattering in the metal. 
Interband transitions at the shorter wavelengths and roughness of the surface also 
increase the attenuation.  
A thin metal film buried inside a lossless dielectric medium 
(Dielectric/Metal/Dielectric or DMD structure) can support single-interface SPP 
waves on both interfaces. When the thickness of the metal reduces, these two 
individual SPP waves can couple to form Long-rang SPP (LRSPP) [46]. LRSPP has 
less attenuation than single interface SPP, therefore can achieve a long propagation 
length.    
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The origin of LRSPP can be understood when investigating the modes of a metal slab. 




  respectively. m denotes the permittivity of the metal. Figure 2.19(a) below 
depicts the distribution of the main transverse electric field ( yE ) of a bound SPP on 
an infinite metal-dielectric interface. The SPP mode travels in +zdirection. In a 




 ) there are two individual single interface 
modes on the upper and lower interfaces. As the thickness (t) reduces these two 
individual modes couple and form two types of coupled modes travelling in the +z  
direction. These two modes are purely bound TM modes ( xE = yH = zH ) with only 
transverse field components yE  and H x  exhibiting symmetric or asymmetric 
distribution along the x  axis. The mode with yE symmetrically distributed about the 
x  axis is called the symmetric bound mode and is denoted by sb. The other mode with 
asymmetric distribution of yE  about the x  axis is called the asymmetric bound mode 
(ab). Subscript b denotes that the mode is bound. Figure 2.19(b) shows the yE
distribution of ab and sb modes. 
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Figure 2.19 yE distribution of (a) an SPP mode on a metal-dielectric interface. (b) Two bound SPP 
modes on a metal slab 
 
+ and – terms in Figure 2.19 describe the charge distribution of each mode inside the 
metal. In terms of charge distribution across the metal film, sb has asymmetric charge 
distribution and ab has symmetric charge distribution (Figure 2.20). 
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Figure 2.20 The direction of zE field for a structure with (a) symmetric surface charge distribution 
(ab mode) and (b) asymmetric charge distribution (sb mode). 
 
In the asymmetric structure with lossless cladding, the mode is propagating in the +z  
direction with ze   where the complex propagation constant of the propagating mode 
 is given by, 
j                     (2.11) 
where   and   are the attenuation and phase constants respectively. Normalised 
attenuation and phase constants are given by, 
, ,
0 , ,
Re r m r d
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               (2.13) 
where c 0 is the phase constant of plane waves in free space with c the speed of 
light in vacuum.  
Normalised propagation constant  eff  is given by, 
0 0 0




           (2.14) 
(a) (b) 
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The complex effective index of a mode is given by 
eff eff eff effN j n jk                   (2.15) 
where neff is the effective mode index and keff is the normalised attenuation. 
The relative complex permittivity 0r    with 0  as the permittivity of free space is 
related to refractive index terms ,n k via  
2
r n jk   . 
Figure 2.21 below depicts the normalised attenuation and phase constants of ab and sb 
modes supported by an asymmetric metal slab with dielectrics
1
21.5d  , 2
21.55d    
and metal as silver with  
2
0.00657 4m j     
 
 
Figure 2.21 Normalised phase and attenuation constants of the ab and sb modes  supported by an 
asymmetric metal slab at 633 nm excitation assuming metal as silver and top and bottom dielectrics 
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Attenuation of the SPP fields increases when the fields penetrate more in to the metal.  
As the thickness of the metal film decreases, phase and attenuation of the symmetric 
mode decrease (Figure 2.21). Therefore, the symmetric SPP mode field penetrates 
more into the surrounding media than into the metal, increasing the propagation length. 
Thus the symmetric SPP mode is termed long range SPP. As thickness goes to 0, the 
symmetric mode slowly evolves into the vertically polarised TEM wave in the 
surrounding dielectric media. Attenuation and phase of the asymmetric mode increase 
with decreasing thickness as the SPP fields penetrate more into the metal, decreasing 
the propagation length [46].  




 ) when the metal thickness decreases, 
the sb mode remains non-radiative only for thicknesses greater than a certain thickness 
t, named as cut-off thickness (refer Figure 2.21) which depends on the permittivities 
of the surrounding dielectrics and metal as well as the operating wavelength of the 
incoming light. When the thickness increases, the ab mode becomes the single interface 
mode on the interface between the higher-index dielectric and metal, while the sb 
evolves into a single interface mode on the lower index dielectric and metal interface.  
LRSPPs on a metal slab are only localised in one dimension. To effectively guide light 
around a circuit, waveguides with sub-wavelength confinement in two dimensions 
must be developed. Plasmon waveguides provide sub-wavelength confinement in two 
dimensions and help to guide light within the circuit. The trade-off between 
confinement and loss demands a prudent choice of waveguide geometry. To achieve a 
larger propagation length with a good subwavelength confinement various waveguides 
have been designed such as the Gap Plasmon Waveguide (GPW), wedge waveguide, 
metal nano wires, metallic stripes, and V-groove waveguides [5, 21, 48-55]. 
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Each waveguide has its own advantages in routing light in nanoscale areas. Such 
advantages may include ease of fabrication, unaffected to structural imperfections, 
single mode operation and guiding light around sharp bends with low loss [20, 56-58]. 
 
2.5.2 Stripe waveguides 
Metal slab applications are limited due to the 1D confinement of the SPP mode and 
infinite width. A metal stripe waveguide is more useful for many practical applications. 
It consists of a metal film with finite thickness and width, and a length on the 
micrometre scale, submerged in dielectric. Basically a metal stripe is a finite version 
of a metal slab. Due to these finite dimensions, lateral confinement to the mode is 
introduced as well as higher order modes with extrema along the width of the stripe 
(2D field confinement) (Figure 2.22). A metal film with finite width (stripe) doesn’t 
have pure TM modes. Every mode contains all six electric and magnetic field 
components. For symmetric structure with w > t, the Ey field component dominates. Ey 
becomes the dominant component of transverse electric field when w >> t. As the 
thickness increases the Ex field component starts to increase in magnitude and starts to 
dominate if w < t.  
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Figure 2.22 Metal stripe with permittivity ,2r  , thickness t, and width w, surrounded by upper and 





For sufficiently thin metal films, upper and lower bound SPP modes couple due to 
field tunnelling through the metal forming four fundamental modes supported by the 





0. Notations used in naming the modes are: a and s refer to asymmetric and 
symmetric respectively where the first letter is associated with the horizontal 
dimension and the second letter with the vertical dimension; b represents the mode 
being “purely bound” and the superscript counts the number of extrema in the 
horizontal distribution of Ey.  
In a stripe with w >> t, all four modes have dispersive behaviour with respect to the 
film thickness hence categorised mainly into lower attenuation modes or higher 
attenuation modes depending on the field distribution of Ey along the y-axis.  
Four fundamental modes in a stripe with w = 1μm are analysed in Figure 2.23. For 
very thick films the four fundamental modes are asymptotic and degenerate with an 
elemental corner mode  [61]. 
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Figure 2.23 a) normalised phase constant and b) attenuation constant of modes supported by the 
symmetric metal slab with infinite width and finite width (w= 1 µm). The metal is silver and the 
structure surrounded by PMMA ( ,1 ,3 4r r   ), and excited using a 633 nm laser 
[60]
. 
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Power confinement factor (CF) is the ratio of mode complex power carried through a 
portion of a waveguide’s cross-section with respect to the mode complex power carried 












              (2.16) 
where cA  is the area of the waveguide core, A is the integration over the entire 





z x y y xS E H E H              (2.17) 
where
*
,x yH  is the complex conjugate of ,x yH . 
As the thickness of the film gradually decreases, coupling between top and bottom 





0). Upper branch modes have dominant main transverse electric 
field that shows asymmetry with respect to the x axis and its counterpart shows 
dominant main transverse electric filed exhibiting symmetry with respect to the x axis. 
Consider the symmetric metal stripe comprised of a nanoscale metal stripe, 
( ,2 19 0.53r j     at 633 nm wavelength) surrounded by a dielectric 
 ( ,1 ,3 4r r   ). The ssb
0 mode is one of the fundamental modes supported by this 
waveguide. This mode evolves into a vertically polarised TEM wave of the 
background (or a bulk wave in the surrounding dielectric background) as the width 
and the thickness goes to zero. As demonstrated in Figure 2.24(a) and 2.24(c) using 
Re zS , Ey and Hx fields of the ssb0 mode in a thicker stripe waveguide tend to localise 
near the metal corner. Maxima of these localised modes also occur at the corners with 
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fields decaying exponentially away from the corners. For very thick and wide metal 
films, these four modes degenerate with isolated corner mode. As the thickness 
decreases, the top and bottom edge modes start coupling with each other generating a 




bsa ) with dominant Ey field exhibiting asymmetry with 




bas ) with dominant Ey field exhibiting 
symmetry with respect to the x axis.  With further decreasing of the thickness it has 
been observed that lower branch modes spread across the stripe cross section with 
Gaussian-like fields. The Ey field of the 
0
bss  has an extremum near the centre of the 
interface. The Ey field of the asb
0 mode develops two extrema along the x axis and 
becomes leaky below a certain cutoff dimension (w, t) as t goes to zero as shown in 
Figure 2.24(a). This mode is fundamental for larger w and t and becomes the first 
long-range-higher-order mode as t goes to zero[46].  
This behavioural change of this mode as w, t goes to zero accompanied by reduced 
confinement and attenuation make this mode the fundamental LRSPP mode of the 
stripe. Symmetry of the structure is important for the mode to remain purely bound. 
The Gaussian distribution of the
0
bss mode enables efficient coupling via end-fire 
excitation [46].  
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Figure 2.24 Contour and 3D plots of Re{ }zS of the ssb
0 mode for w= 1µm (a) t= 80 nm, (b) t=20 nm, 
(c) t=100 nm and (d) t= 40 nm. Other parameters 0 633   nm, ,2 19 0.53r j     and 
,1 ,3 4r r   . Waveguide cross-section in (c) and (d) are located in the x-y plane. Figures (a) and 
(b) are adapted from 
[60]





All the other ab-like modes (aab
m, sab
m) remain degenerate for all thicknesses and 
increase in attenuation as thickness goes to zero. Endfire excitation cannot efficiently 
excite these modes due to asymmetry in Ey along x. 
In an asymmetric structure where the dielectric permittivities above and below the 
metal stripe are different, mode fields exhibit symmetric or asymmetric distributions 
with respect to the x axis. True field symmetries are observed only along the y axis. 
LRSPPs can exist on this structure but only close to cutoff. bs - like modes are localised 
along the lowest dielectric/metal interface, and ba - like modes are localised along the 
highest index dielectric/metal interface. LRSPP modes are localised on the lower index 
side with fields extending deeply into the high-index cladding [46].  
Bracher et al have studied theoretically and experimentally the plasmon propagation 
length and polarisation of the SPP travelling on lithographically defined gold stripe 
y 
x 
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waveguides on GaAs substrate. They measured the plasmon propagation length which 
ranged from 10 to 40 μm depending on the waveguide width (w= 2-5 μm) under 
excitation wavelengths 760-920 nm [62]. They also have used proximal self-assembled 
quantum dots to track the plasmon propagation in an Au stripe waveguide on GaAs 
substrate [38].  
As described earlier, due to the Gaussian distribution of the LRSPP mode in symmetric 
stripes, end-fire excitation is widely used in exciting LRSPP on stripes. Gratings are 
more popular as microscale reflectors [63, 64] but specially arranged gratings can provide 
better coupling to the LRSPP on stripe waveguides than end-fire excitation. Excitation 
of the bound LRSPP mode on a nanoscale stripe waveguide using highly focused laser 
beam and grating coupling will be discussed in Chapter 4.  
Many passive nano-optical devices based on stripe waveguides have been proposed, 
such as four-port couplers, Y-junctions, S-bends and interferometers[32, 63, 65-67]. 
Experimental realisation of refractive index interferometric sensor design consisting 
of nanoscale stripe waveguides will be discussed in detail in Chapter 5. Theory of this 
design will be discussed in Section 2.6. 
 
2.5.3 Nanowires 
Fabricated metal stripes suffer losses due to scattering from rough surfaces and grain 
boundaries. Colloidal synthesis of nanowires (NWs) results in nanowire structures 
with a smooth surface and no grain boundaries. Metallic nanowires are potential 
candidates for plasmonic waveguiding (Figure 2.25) [6, 22].  Chemically synthesised 
Silver (Ag) NWs are unstable under ambient conditions when exposed to atmosphere. 
Gold NWs on the other hand are very stable. NWs can be made with high aspect ratios 
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and structural properties. Most plasmonic NWs have pentagonal cross section with 
diameter of 100 nm and length range from 10 to 20 μm [6, 22]. 
 
Figure 2.25 SEM image of chemically synthesised Ag NWs spincoated on ITO coated glass. Image 
obtained by author at QUT. 
 
Propagation length is shorter for gold NWs compared to silver NWs. Particularly in 
the visible region, gold interband absorption is higher than that of silver, resulting 
increased optical absorption and hence decreasing the propagation length of SPPs. 
Propagation lengths and group velocities of gold and silver NWs have been studied by 
Pelton et al [68]. The group velocity is given by, 
 
                (2.18) 
 
where grv is the group velocity,   is the angular frequency and SPk is the wavenumber 
of the SP propagating along the NW. Pelton et al. report that propagation lengths for 
120 nm diameter gold NWs on a glass substrate covered with PMMA (refractive index 
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μm for excitation wavelengths 760 to 860 nm [68]. For silver NWs this varies from 11 
to 17.5 μm over the same measured frequency. These results are consistent with the 
previously reported values with lower wavelengths by Ditlbacher et al with 10 μm for 
silver NWs at wavelength 785 nm [22] and Link et al with 1.8 μm for gold NWs at 
wavelength 540 nm [39].  
Figure 2.26 shows plasmon propagation on a chemically synthesised Ag NW excited 
using a highly focused laser beam (excitation wavelength 633nm).  
 
 
Figure 2.26 Plasmon propagation on a Silver NW excited via 100x oil high numerical aperture 
objective   a) under dark filed microscope. b) without dark field. Red dots along the NW are due to 
scattering of propagating SPPs from the nanoparticles attached to the NW.NW excitation wavelength 
is 633 nm. Images obtained by author at Monash University Funston lab. 
 
The energy attenuation of propagating SPPs due to bending of the NW has recently 
been studied by Weng et al [69]. They have used chemically synthesised silver NWs 
with diameters from 550 to 800 nm and lengths from 20 to 50 μm. A tapered optical 
fibre was used to apply pressure at one end of the NW and natural adhesion between 
NW and glass substrate made it possible to hold one end and bend the other end. 
Bending loss decreases from 10 to 5 dB with increasing bend radius from 5 to 30 μm 
[69]. It is also observed that the bending loss of curved NWs increase with increasing 
Excitation laser 
Outcoupling light at 
the NW end 
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NW cross section. Moreover, energy loss due to dissipation is significant at longer 
wavelengths. 
Even though NWs provide longer propagation lengths than metal stripes, the 
orientation of NWs is difficulty to control. The difficulty in positioning NWs can make 
creating optical devices from NWs difficult. However, Wei et al. have demonstrated 
AND, OR and NOT gates made using a chemically synthesised silver NW network 
[34].  They have used the fluorescence of quantum dots coated on top of the NW 
network to image the electric field distribution of the propagating plasmons. QD 
emission images of this experiment are provided in Figure 2.11 in Section 2.3 above. 
Wei et al showed that the plasmonic binary NOR gate can be realised through cascaded 
OR and NOT gates in four-terminal NW network [70].  
 
2.5.4 Metal Gap Waveguides  
The simplest version of a Metal/Dieletric/Metal (MDM) structure is a gap in a metal 
slab (Figure 2.27). This structure can support a number of optical modes depending 
on the gap dimensions. When the gap width is sufficiently high, two interfaces contain 
two individual single-interface SPP waves, where the field magnitude drops 
exponentially away from the metal surface. As the gap thickness reduces these two 
individual SPP modes combine into one mode called “gap plasmon mode”. Similar to 
the super modes supported by the DMD (metal slab) structure discussed above, the 
gap plasmon mode consists of symmetric and anti-symmetric modes depending on the 
electric field yE  exhibiting symmetric or asymmetric distribution along the x  axis. 
The symmetric mode of the gap plasmon becomes more localised as the thickness is 
reduced and shows no cut-off for decreasing thickness. Wavenumber of the 
asymmetric gap plasmon mode increases with the decreasing thickness of the gap. The 
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electric field distribution of a gap plasmon mode inside the gap is perpendicular to the 
metal surface or in y direction.   
 
 
Figure 2.27 Schematic representation of formation of gap plasmons. (a) when the gap width is 
sufficiently high two interfaces contain two individual single-interface SPP waves, where the field 
magnitude drops exponentially away from the metal surface. (b) As the gap thickness reduces these 
two individual SPP modes combine into one mode called “gap plasmon mode”. m and d  denote the 
permittivities of metal and dielectric medium respectively. 
 
Gap plasmons are utilised in different gap waveguide structures. A 3D metal gap 
waveguide was proposed in 2003 by Tanaka et al [21]. A cross-section of this 
waveguide is shown in Figure 2.28. The structure extends into the page. 
 
Figure 2.28 Cross-section of a 3D metal gap waveguide with structure extending into the page 
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Gap plasmons are formed inside the gap. Since the phase-velocity of SPPs is lower in 
the narrow region than in the wider region, SPPs are confined near the narrow gap 
region and propagate along the channel.  
Wang et. al. in 2004 proposed a similar structure with a slight difference - the metal 
parts in the centre are composed of different metal from the rest [71]. They call this 
structure a Metal Hetero Gap waveguide (MHGW). The proposed 3D 
heterowaveguide had silver inlaid in the central part of the aluminium waveguide 
(Figure 2.29).  
 
Figure 2.29 a) schematic diagram of a 3D MHGW. Blue regions represent the silver and the light 
brown represents aluminium, b) cross-sectional view of the MHGW in z plane. w represents the width 
of the gap, h represents the height of the silver region, d is the width of the Al/Ag 
 
 
In these waveguides plasmons can be generated using a TM polarised light incident 
normal to the entrance face of the waveguide. Wang et al modelled the plasmon 
propagation in the MHWG using finite-difference time-domain (FDTD) method and 
showed that the plasmons are confined and propagate in the silver region [71]. 
Modal area of the plasmon mode decreased with decreasing width (w) of the 
waveguide increasing the wavenumber difference between aluminium and silver. 
Therefore narrowing the waveguide cross section and increasing the refractive index 
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of the dielectric medium in the gap can increase the plasmon confinement in this 
structure.  
Although 3D MGW and MHWG provide strong subwavelength plasmon confinement 
they are bulky devices making it difficult to integrate with planar technology. As an 
alternative to 3D MGW and MHWG, more compact waveguides with smaller bend 
losses are required. This resulted in the development of Gap Plasmon Waveguides 
(GPWs). 
GPWs consist of a gap in a thin metal film which provides a good subwavelength 
localisation of the guided mode (Figure 2.30). Phase velocities of plasmons that 
propagate in a nanosized metallic gap strongly depend on the gap width and height [51-
53]. This means that by scaling the gap, the phase velocities can be controlled [49]. These 
waveguides are reasonably easy to fabricate lithographically. It has been shown that 
using GPWs a propagation length in the micrometer range can be achieved for visible, 
near IR and IR excitations [72, 73]. The guided plasmon is also fairly impervious to 
structural defects and can tolerate guiding around sharp bends [20, 45, 50, 56, 58]. A 
symmetric GPW is composed of a subwavelength gap in a thin metal film embedded 
in a homogeneous infinite dielectric media. It has been shown that this type of GPW 
always supports a bound mode in a wide frequency range [20, 52, 53, 74]. However, in most 
practical situations the metal film will be sitting on a glass substrate and the gap will 
be filled with air. This will lead to an asymmetric GPW, in which the surrounding 
dielectric media above and below the metal film are different. 
 In an asymmetric GPW depicted in Figure 2.30 below, the modes become leaky 
above a cut off wavelength. In fact there is a cut off width or metal film thickness 
where the fundamental mode isn’t bound but becomes leaky for a certain excitation 
wavelength. For both asymmetric and symmetric situations, as the metal film thickness 
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is reduced, the effective refractive index of the fundamental mode increases leading to 




Figure 2.30 Schematic diagram of an asymmetric GPW. ‘w’ represents the width of the gap and ‘h’ 
represents the height of the gap. 
 
 
An asymmetric GPW can be defined lithographically on a metal coated glass 
microscope slide using a focused ion beam lithography technique. Widely used metals 
for GPW fabrications are gold and silver. The characteristics of the guided plasmon in 
the GPW will depend on the dimensions of the slot (width w, height h) and fabrication 
related artefacts [58]. 
In a regime where dimensions of the slot are much smaller than the wavelength, it has 
been shown that this structure supports a fundamental bound mode and this bound 
mode is quasi-TEM so it can be excited by using a linearly polarised light source [52]. 
Gramotnev et al have used L-shaped gap surface plasmons waveguides fabricated 
using SiO2 strip partially enclosed between two metal films (Figure 2.31) 
[73]. 
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Figure 2.31 (a) Schematic diagram of the cross sectional view of the proposed waveguide structure 




The proposed L-GSPW has strong plasmon localisation in the nanogap with significant 
propagation length around 7µm. It was shown that this structure has high transmission 
through 90 degree bends with low cross talk between two neighbouring waveguides. 
Gong et al. have developed all optical logic gates using nanoscale plasmonic gap 
waveguides [75]. SEM images of the fabricated all optical logic gates using GPWs are 
shown in Figure 2.32 below. 
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Gong et al. have demonstrated XNOR, XOR, NOT, and OR logic gates using GPWs. 
These gates are based on the interference of SPP modes in GPWs which generate 
quasi-TEM SPP modes strongly localised at the interface of the gap. They have used 
a grating structure to enhance the in-coupling (out-coupling) efficiencies at the input 
(output) end. Input gratings were normally illuminated by a continuous wave laser of 
830 nm. The intensity contrast ratio between the output logic “1” and “0” reached 
24dB which is 4 fold higher than previously reported results. The size of the devices 
shown in Figure 2.32  is less than 5 μm in lateral dimensions and consists of 100 nm 
x 100 nm cross section gaps filled with air. 
Due to ease of fabrication and ability to guide strongly localised SPP modes, GPWs 
are popular in plasmonic applications. In order to use GPWs in application there should 
be a method to control the plasmon propagation on the waveguide.  Active devices can 
be incorporated into the application device to perform Boolean operations such as 
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NAND and NOR gates. Chang et al. proposed a single-photon transistor using metallic 
NWs. Similar to an electronic transistor, a small optical gate can be used to control the 
optical signal field.  A small dipole quantum emitter is placed above the metallic NW 
and SPPs travelling along the NW can excite the emitter. Then the spontaneous 
emission of the excited emitter can couple with SPs on the NW and travel in the 
opposite direction, i.e. the photon has been reflected. Above concept can be used to 
control the SP propagation in an all optical device with GPWs. Therefore, we studied 
QD-gap plasmon interaction in Chapter 3. 
 
2.5.5 Grooves and wedges 
GPWs are easy to fabricate but have lower transmission of the SPP through 90 degree 
bends. It has been experimentally demonstrated that V-groove waveguides have better 
transmission in sharp bends than other waveguide structures [31, 32]. V grooves are made 
from a V shaped channel cut into a metal film (or a dielectric wedge in a metal film). 
Maradudin et al.  in 1972 obtained the dispersion relationship for electrostatic modes 
confined in a dielectric wedge whose boundary is formed by the intersection of two 
semi-infinite planes making an angle between them [76]. Maradudin et al. in 1990 
theoretically suggested that the channel of finite width cut into otherwise planer metal 
(or a polar dielectric medium) in contact with vacuum can support electrostatic modes 
guided along the channel [77]. They presented the exact dispersion relationship for these 
modes using Green’s theorem but they neglected the retardation.  They used the term 
channel polariton (CP) to describe the channel guided electromagnetic modes. In 2002 
Maradudin et al. took retardation into account [78] but only considered a real negative 
dielectric function with no absorption. 
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 Later in 2002, Maradudin et al. improved their theoretical work by taking into account 
the retardation of the guided modes in the channel and termed the propagating SPP 
modes as Channel Plasmon Polaritons (CPPs). In 2004, Pile et. al demonstrated the 
existence of similar CPPs near the tip of a dielectric wedge (or triangular groove filled 
with dielectric media) in a metal [79] and termed these electromagnetic waves as Wedge 
Channel Plasmons (WCPs). Channel plasmon polariton (CPP) is another term used for 
WCP. Pile et al. have extensively analysed a groove with infinite depth (where depth 
is sufficient to assume edge effects are negligible) using finite-difference time-domain 
(FDTD) method. Existence of non-dissipating periodically changing EM field 
confined near the apex of the groove is numerical evidence of CPPs generated by end-
fire excitation. It is shown that the CPPs are generated only at smaller groove angles. 
Decreasing groove angle readily increases the wavevector of the fundamental CPP 
mode while increasing the field localisation beyond the diffraction limit. Later in the 
same year Gramotnev et al. theoretically showed that a multimode subwavelength V 
groove waveguide can convert into a single mode subwavelength waveguide by 
adjusting the groove depth [80] (Figure 2.33).  
 
 
Figure 2.33 Schematic diagram of the structure with triangular groove of finite depth h and angle   
in a metal with additional screen at x=0. The metal screen supresses the scattered bulk waves in and 
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Gramotnev et al. observed periodic modulation of the field distribution at a groove 
apex of a silver-vacuum V-groove of 30° angle when excited using 0.633 μm light 
(end-fire excitation). The penetration depth of the second CPP along y axis of the 
groove was around 800 nm while the fundamental mode had a penetration depth 
around 300 nm. Then groove depth was adjusted to 300 nm, closer to the fundamental 
mode penetration depth. This eliminated the second mode due to insufficient 
penetration depth and only the fundamental mode can be readily guided along the 
groove. Increasing groove angle also helps to decrease the number of CPP modes. 
Gramotnev et al. emphasised the fact that no CPP can exist at a groove angle larger 
than the critical angle and strong localisation of CPP can only be achieved with smaller 
angle grooves. In 2008, Moreno and colleagues numerically showed that CPP modes 
supported by finite height grooves exhibit cutoff at different wavelengths. Using the 
dispersion curves of SPPs on a flat metal surface, WPP( ) mode of an infinitely deep 
metal wedge and CPP modes in a finite metal V-groove, they showed that close to the 
cutoff CPP modes approach and cross the WPP( ) line. Hence they conclude that 
close to the cutoff CPP modes are hybrids of WPP supported by the metal corners at 
the top of the groove and CPP modes supported by the tip of the groove.  
Bozhevolnyi et al reported the first experimental observation and characterisation of 
CPPs in 2005 [31]. Focused ion beam milled 460 μm long 1μm deep grooves in a 1.9 
μm thick gold layer with 16° and 25° angles were excited by launching 1425 – 1620 
nm light using a tapered-lensed polarisation maintaining single mode fibre and 
observed using an uncoated fibre tip of a scanning near field optical microscopy 
(SNOM). Propagation length derived from the SNOM images varied between 90 and 
250 μm. This variation depends on the wavelength of the input light and poor 
reproducibility of the fibre coupling arrangement that was adjusted using far-field 
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observations. Bozhevolnyi et al. have demonstrated S-bends, Y- splitters, ring 
resonators and a Mach-Zhender interferometer using CPPs in a 25° angle, 1.1-1.3 μm 
deep FIB milled grooves in a gold layer of thickness 1.8 μm. Structures were excited 




Figure 2.34 Plasmonic waveguide-ring resonator a) SEM image, b) topographical and c) Near field 






CPPs in V-grooves have been proven to have strong localisation with relatively low 
dissipation, near-zero losses at sharp bends, low sensitivity to structural imperfections 
and broad band transmission [32]. V grooves are compact and compatible with planar 
technology. The main drawback is the fabrication of V grooves under FIB is extremely 
complicated. 
Wedge plasmon waveguides consist of a wedge surrounded by vacuum with an 
infinitely long edge extending in the z direction. Moreno et al. studied the modes 
supported by a metallic wedge waveguide [81]. SPP modes in wedge waveguides are 
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termed as Wedge Plasmon Polaritons (WPPs). Moreno et al. studied truncated wedges 
(y = h) and nontrucated wedges ( h ) (Figure 2.35).  
 
Figure 2.35 Truncated wedge. Wedge angle denoted by  , edge is rounded with radius of curvature r, 




Moreno et al. realised that the wedge plasmon waveguide structures provide good 
subwavelength confinement. Wedge plasmon polaritons (WPPs) have the same 
propagation lengths as CPP but have stronger localisation. SPPs travelling along a flat 
surface can be coupled into the WPP by using gradual modification of the surface 
profile.  
 
2.5.6 Particle chain 
Even though CPPS and WPPs provide significant propagation lengths with near zero 
losses for transmission through 90 degree sharp bends, fabricating these waveguides 
is extremely difficult. Scientists working on plasmonic waveguides were looking into 
other possible alternatives to use as plasmonic waveguides which are relatively easier 
to fabricate with good propagation length and low bending losses. It is found that 
closely spaced metallic nanoparticles can act as a plasmon waveguide [82]. Three 
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dimensional confinements of the electrons in metal nanoparticles lead to well-defined 
surface plasmon resonance frequencies. It is well known that light at SPR frequencies 
interacts strongly with the nanoparticle’s electron cloud. For nanoparticles with 
diameter less than the wavelength, plasmon excitation produces an oscillating electric 
dipole field in a resonantly enhanced localised electromagnetic near field close to the 
particle surface [83]. One dimensional particle arrays exhibit coupled modes due to 
near-field interactions between adjacent nanoparticles. When distance from the centre 
of one particle to the centre of the adjacent particle is less than the incident light 
wavelength, neighbouring particles couple via dipolar interactions. Nanoparticle 
chains can lead to the coherent propagation of electromagnetic energy along the array.  
Maier et al. demonstrated experimentally that energy transport is indeed possible in 
metal nanorods with dimensions 90 nm x 30 nm x 30 nm and 50 nm surface-to-surface 
spacing between adjacent nanorods [23]. The long axis of the nanoparticle is 
perpendicular to the waveguide chain axis allowing increased near field coupling area 
(Figure 2.36). Structures were made using electron beam lithography and found the 
decay length of 6dB per 195   28 nm which is in excellent agreement with the 
theoretical predictions of 6 dB per 200 nm [82]. 
 
 
Figure 2.36 SEM image of the plasmon waveguide consisting of nanoparticles 
[23]
. Long axis of the 
nanoparticle is perpendicular to the waveguide chain axis. 
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Relatively poor propagation length (~500 nm) in nanorod chains discouraged the 
further exploration of NP waveguides. Alternatively, chemically synthesised metal 
NPs were deposited into EBL made trenches. Following liftoff, this method created 
tightly packed metal NP waveguides with interparticle distance 1-5 nm [40, 84]. 
Decreased interparticle distance results in the formation of subradiant plasmon modes. 
These modes are collective oscillations with different phase for each NP reducing the 
coupling into propagating light, hence termed as dark modes [85, 86]. Solis et al. 
experimentally demonstrated dark-mode plasmons propagating around 2.6 μm on 
lithographically made nanoparticle stripe waveguide excited with 950 nm laser [40]. 
However, such propagation lengths are still low as compared to other plasmon 
waveguides. 
 
Summary of the above section is given in the Table 2.1 below. 
Waveguide Properties 
Metal slab  A thin metal film buried inside a lossless dielectric 
medium 
 When the thickness of the metal reduces, two individual 
SPP waves on each interface can couple to form Long-
rang SPP 
 LRSPPs on a metal slab are only localised in one 
dimension is a disadvantage 
Metal stripe  consists of a metal film with finite thickness and width, 
and a length 
 Long propagation lengths can be achieved 
 Easy to fabricate 
 Fabricated metal stripes suffer losses due to scattering 
from rough surfaces and grain boundaries 
Metal nanowires  Colloidal synthesis of nanowires (NWs) results in 
nanowire structures with a smooth surface and no grain 
boundaries 
 NWs provide longer propagation lengths than metal 
stripes, 
  the orientation of NWs is difficulty to control. 
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Gap waveguides  GPWs are easy to fabricate  
 Moderate propagation lengths 
 have lower transmission of the SPP through 90 degree 
bends 
V grooves  V shaped channel cut into a metal film 
 have strong localisation with relatively low 
dissipation,  
 near-zero losses at sharp bends, 
 low sensitivity to structural imperfections and broad 
band transmission  
 Compact and compatible with planar technology. 
  Fabrication of V grooves under FIB is extremely 
complicated. 
 
Wedge  wedge surrounded by vacuum with an infinitely long 
edge extending in the z direction 
 WPPs have the same propagation lengths as CPP but 
have stronger localisation. 
 Fabrication is extremely difficult 
Particle chain  Relatively poor propagation length (~500 nm) in of 
NP waveguides 
 Particle chains with interparticle distance 1-5 nm 
form dark modes  
 
Table 2-1 Summary of waveguides 
 
 
In the above section we discussed plasmonic waveguides, modes supported by each 
waveguides and possible applications of these waveguides such as Y splitters, ring 
resonators, logic gates etc. Another useful plasmonic application in the sensing area is 
called the Mach-Zehnder interferometer. This interferometer can be fabricated using 
different plasmonic waveguides. 
 
2.6 Mach-Zehnder interferometer 
Plasmonic Mach-Zehnder interferometer is a passive nano-optical component that can 
be employed in sensing applications and is created using several plasmon waveguides. 
In physics the MZ interferometer is a device used to determine the relative phase shift 
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variations between two collimated beams derived by splitting light from a single 
source [87]. Wang et al. proposed a plasmonic MZ interferometer consisting of splitting 
and recombining gap waveguides [88] with 30 nm wide, 500 nm long Ag gap 
waveguides separated by 250 nm (Figure 2.37). The structure transports ~20% of the 
incident energy to the output waveguide and suffers from reflection of the SPP from 
the end of each waveguide.  
 
 





To overcome the reflection, Wang et al.  suggested an M-Z interferometer design using 
waveguide couplers. The phenomena of optical tunnelling which occurs in closely 
placed waveguides was used in the new design. In this configuration light field in one 
waveguide can evanescently couple into the other waveguide if the waveguide 
separation is sufficiently small.  
The suggested 4 arm M-Z interferometer design is shown in Figure 2.38. The complex 
electric field ( jE ) in each waveguide can be written as 
[88, 89] 
 02 cos 2 e2
i z
jE A Cz
   
 
    for (j = 1, 3)          (2.19) 
 2 0 sin 2 ei zE iA Cz               (2.20) 
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j=2 indicates the central input and output waveguides and j = 1, 3 represents the 
interferometric arms.   and C are the propagation constant and the coupling 
coefficient respectively.   
Coupling length defined by,  
   2 2 2cL C m C   ,    m = 0, 1, 2, …        (2.21) 
cL determines the distance over which the light energy can couple completely from one 
waveguide into the adjacent waveguide [89]. When the light is coupled into the leading 
arm, it can be transported to the end arm via coupling into adjacent outer arms situated 
with proper separating distance from the leading arm. 
 
 
Figure 2.38 Schematic diagram of the proposed 4 arm waveguide coupler M-Z interferometer. D is 






MZ interferometers can also be built using Y-splitters. Boltasseva et al. have optically 
characterized the Y-branch waveguides consisting of 15 nm thick 8 μm wide LRSPP 
stripe waveguides excited using 1475-1610 nm wavelength radiation. A Y splitter with 
splitting length of 10 mm between arms induced a loss around 3 dB and a Y splitter 
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with splitting length of 5 mm induced an additional 0.5 dB from each arm. Y-splitters 
can be used to fabricate a M-Z interferometer [67]. 
Bozhevolnyi et al. have investigated a M-Z interferometer composed of two 
consecutive Y-splitters using V-grooves with angles close to 25 degrees and depths of 
1.1 to 1.3 μm in a thick gold layer deposited on a fused silica substrate[32]. Fabricated 
structures were excited using end-fire excitation (tunable laser of wavelength 1425-
1620 nm). Structures performed well over the whole wavelength range with very low 
losses and exhibiting single-mode properties (Figure 2.39). 
 
Figure 2.39 Y splitter and M-Z interferometer using v-groove waveguides. a) SEM image, b) 
topographical image, c) near-field optical image (at wavelength 1600 nm) using SNOM. d)-f) as a)-c) 




Transmission T of the Y splitter (TY) and M-Z interferometer (TMZ) are obtained in the 
following ranges 0.82 1YT   and 0.4 0.49MZT   respectively using output-to-
input ratios of maxima of the corresponding signal distribution. 
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The Y splitter showed next to zero insertion loss even though the curvature of radius 
used in the structure was ~1.5λ.  
Pezze et al theoretically showed that the M-Z interferometer can be used to estimate 
the phase shifts with high sensitivity [90]. Bartoli et al. have theoretically and 
experimentally characterised Vertical Plasmonic M-Z interferometer (VPMZI) [91]. 
The structure consists of two nanoslits in a 300 nm Ag (or Au) film on a glass substrate 
(Figure 2.40). 
 
Figure 2.40 Schematic diagram of the M-Z interferometer consists of two metallic nanoslits described 




Both top (covered with a liquid therefore liquid/metal interface) and bottom surface 
(metal/ glass interface) can support SPP modes. When the rightmost slit is excited, the 
SPP is generated on the top and bottom surface. The SPPs travel and interfere with 
each other at the left slit. Sensing arm of this interferometer is the top surface and 
reference arm is the bottom surface. FDTD modelling showed the sensitivity of this 
interferometer is ~4718 nm/RIU (refractive index unit) at 860 nm wavelength and 
phase change sensitivity is ~72(2 )/RIU when the substrate is gold (RI 1.51) and top 
dielectric layer is water (RI 1.33). The most important design requirement for this 
interferometer to achieve higher sensitivities is to match the effective refractive index 
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at the top and bottom interfaces. This can be achieved by using a substrate whose 
refractive index is closer to the liquid layer on top. FDTD modelling shows that 
sensitivity can be increased to  ~
410  RI/nm using above approach [91].  
Vernon et al. proposed a compact interferometer design using three LRSPP stripe 
waveguide coupling to measure the change in refractive index of a sample using the 
change in the output intensity due to phase changes occurring at the sample arm [92]. 




Figure 2.41 M-Z interferometer design using 3 waveguide coupling 
[92]
 Li is the input length, Lc is the 




The input arm can be excited using endfire excitation and plasmons propagate until 
the evanescent field starts to interact with the adjacent interferometric arms (reference 
and sample arms). Sample and reference arms are separated with a sufficient distance 
eliminating coupling with each other. Structural parameters were chosen such that 
isolated stripes support a single bound mode (ssb
0).  For a 750 nm wide 30 nm thick 
Au waveguide on glass substrate plasmons can propagate at least 50 μm when excited 
using 633 nm laser light. In simulations, a separation distance of 100 nm resulted in a 
coupling length of 13 μm.  
For a sample length of sL the resultant phase shift is given by 
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   
2
s ref sample s ref sample sk k L n n L


               (2.22) 
where, kref and nref are the wavenumber of the plasmon along the reference arm and 
effective refractive index on the reference arm respectively, ksample and nsample refer to 
the wavenumber of the plasmon along the sample arm and effective refractive index 
on the sample arm respectively. Excitation wavelength is denoted by and sL  for this 
system should meet the following condition 
2s c i oL d L L L           (2.23) 
where cL is the coupling length, iL is the length of the input arm before it starts to 
interact with outer arms, oL is the length of the output arm where plasmons propagate 
after interacting with outer arms. 5i oL L  µm. 
The output waveguide’s SPP electric field (E) can be written as  
( 2 )i c sik z L L L
oE a e
                         (2.24) 
where k is the wavenumber of the ssb
0 mode. Intensity of the output end can be written 
as 
     
2
1 cos 1 cos2 1 cos
2
s o o sI L I

               (2.25) 
A small change in sample refractive index is then introduced to the model to determine 
the sensitivity. This change causes a small phase shift  in s .  
             cos cos cos cos sin sin coso s s s s sI I                      (2.26) 
If the initial phase change is 2s  and   is small, then  
 sinoI I                (2.27) 
Under the given conditions, fractional change in the intensity is approximately equal 
to the change in phase due to the small change in sample refractive index. Sensitivity 
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of the device is ~
42 10  for a 1.5% change in output intensity. This interferometer is 
planar and more compact (2.5 µm wide) than the other M-Z interferometers and SPR 
refractive index sensors proposed. A similar design to this interferometer will be 
experimentally realised as a refractive index sensor in Chapter 6 of this thesis. 
2.7 Quantum dot – plasmon interaction 
Now that various passive plasmon waveguides have been proposed and designed, a 
method for actively controlling their propagation will be discussed. Quantum Dot 
(QD) – plasmon interactions can be used for actively controlling the propagation of 
plasmons in a plasmonic waveguide which is essential in nanophotonic circuitry. 
Spontaneous emission of a quantum dot mainly depends on the transition strength of 
the upper and lower energy levels and local density of states (LDOS) [93]. An excited 
quantum emitter in free space can decay radiatively into free space.  The spontaneous 
emission (SE) rate can be manipulated by altering the density of states in the photonic 
environment around the quantum emitter. SE rate can be increased by increasing the 
number of available electromagnetic modes the emitter can emit photons into.  
An excited chemically synthesized QD which is placed in close proximity to a plasmon 
waveguide, results in a LDOS increase due to addition of non-radiative decay and 
plasmonic excitation. [16, 94]. The main three decay channels available for a QD placed 
in proximity to a waveguide are, 
1. Direct optical emission into free space 
2. Damped non-radiative decay due to the ohmic losses in the conductor 
3. Spontaneous emission into the guided plasmons in the plasmon waveguide 
These decay paths are shown schematically in Figure 2.42. Non-radiative decay 
occurs due to ohmic losses in the metal waveguide and these ohmic losses become 
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significant when the separation between the QD and the plasmonic waveguide is very 
small [95]. Non-radiative losses can be rectified by placing the emitter optimally i.e. 
sufficiently far from the waveguide. The third emission method, generation of 
plasmons, is the most important in controlling the interaction between plasmons and 
the QD.  
Plasmons propagate at a greatly reduced speed because of involvement in the motion 
of charge-density waves [96] and the subwavelength confinement is achieved by a 
dramatic concentration of optical fields [7]. The high confinement and the slow velocity 
of plasmons cause the plasmonic waveguide to capture a large amount of the QD 
spontaneous emission into guided plasmon modes [95, 96]. For an optical emitter/QD 
placed in the vicinity of an evanescent surface plasmon mode tail, the spontaneous 
emission rate in to the guided SPs is proportional to 3( )d where d is the distance 
from the plasmonic waveguide [96]. 
 
Figure 2.42 An optimally coupled QD with a metallic nanowire. Disregarding the non-radiative decay 
(heat), coupled optical emitter can emit spontaneously into the guided plasmons of the nanowire or to 
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There is much theoretical work on how an individual QD couples with a plasmon 
supported by various metal waveguide structures mainly based on approximating the 
QD as a dipole emitter [16-18]. Chang et al showed that using a quasi-static 
approximation, spontaneous emission of a QD placed in proximity to a nanowire can 
be almost entirely directed into a propagating plasmon mode [95]. However, in their 
analytical method, the wave property of the plasmonic mode has not been taken into 
account.  
SE of a dipole emitter in the vicinity of a metal slab/slot waveguides preferentially 
couple into guided plasmon modes in the waveguide due to the tight confinement of 
the plasmon mode in the gap region. Jun et al studied the different  SE decay rates of 
a QD coupled to a gap waveguide using Finite Differential Time Domain (FDTD) 
method, another technique to model spontaneous emission of a dipole emitter placed 
close to a plasmonic waveguide [17]. However, in this model, they have used simplified 
assumptions for the calculation of local density of states of the plasmonic mode.  
Chen et al have developed a model treating all decay channels of a dipole emitter in 
the vicinity of a plasmon waveguide (including radiative and non-radiative decay 
channels) meticulously using Finite Element Method (FEM) [97]. Resistive heating of 
the metallic waveguide is the only non-radiative decay channel included in this model. 
In their work, they especially focused on calculating the fraction of SE energy emitted 
into the plasmonic mode of the waveguide. The realistic description of this model helps 
to understand the physics and fundamental limitations.  
In our work we used the FEM method used by Chen et al. to model SE of a quantum 
emitter placed in close proximity to a plasmonic gap waveguide [97]. We studied the 
effect on the SE of the symmetry of the dielectric environment and gap dimensions. 
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To make the problem more realistic, we studied the effect of sharpness of the gap edge 
on SE decay rate into a guided plasmon mode in the waveguide. 
The fundamental mode of the GPW has a dominant Electric field in y direction. 
Therefore the QDs were chosen such that QD emission axis along the y-direction. First, 
using a 2D model we calculated the SE decay rate into the guided plasmon mode of 
the waveguide. After that, we used a 3D model to find the total decay rate of the QD 
emission. This is done by modelling the dipole emitter as a linear current source and 
by calculating the total power emitted from the current source. For more information 
refer Appendix A. 
Figure 2.43 shows the cross-sectional view of a QD placed near an edge of a 
symmetric GPW. The QD is represented by the blue line. 
 
Figure 2.43 2D schematic of a symmetric GPW. Height h = 0.05 µm,  , , ,x y z QD QDE x y  is 
measured along the line shown in red. w is the width of the GPW and d is the distance from 
the QD to waveguide surface 
 
The normalised decay rate of spontaneous emission of a QD into a plasmon mode  
















         (2.28) 
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unit vector in the z-direction and the dominant E-field component for the plasmon 
mode of the system is yE  (Figure 2.43). 
Determining ˆpl  is imperative in optimising the QD-waveguide coupling. The 
spontaneous emission β factor defines the probability of the rate of spontaneous 
emission of the QD into the guided plasmon mode with [94] 
ˆ ˆ
pl tot                 (2.29) 
where, ˆtot  represents the sum of all three decay channels. Both decay rates are 
normalised with respect to the SE decay rate of the QD in vacuum ( 0 ). A β factor of 
1 means the QD decays totally into a plasmon mode [96].  The β factor has been defined 
analytically for a QD-metallic nanowire system, and numerically for QD-metallic 
stripe waveguide and GPW systems [94, 97].  
To find ˆtot near the metal gap waveguide, we constructed a 3D model to accommodate 
the radiative decay mode and used mode matching boundary conditions to ensure the 
absorption of the plane waves. The QD was assumed to be a current source at near 






















             (2.30) 
where, J  is the current source, oyE  is the y component of the electric field of the QD 
in vacuum. For a 1 nm current source with 1 A current, equation 2.30 reduces to 
   0ˆ Re Retot y yE dl E dl               (2.31) 
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with dl representing the line integration over the length of the emitter. For the 
derivation of equation and model used, refer Appendix A. For results and analysis 
refer to Chapter 3. 
QD-Plasmon coupling has been experimentally achieved for metallic nanowires  by 
Akimov et al [16]. A schematic diagram of their sample is shown in Figure 2.42. CdSe 
QDs were placed in close proximity to silver NWs using a PMMA spacer layer of 
thickness ~30 nm. Ohmic losses can be neglected at this spacer layer thickness. They 
have shown that, when the QDs near NWs are optically excited, SE from QDs couple 
directly to guided plasmon modes of the NWs. These plasmons propagate along the 
NW and outcouple into the far field from the end of the NW. It is realised 
experimentally that the SE of a QD increasing 2.5 folds when it is the vicinity of a NW 
and their observation of SE coupling into plasmons on the NW opened up the 
possibility of using quantum optical techniques to achieve control of plasmon 
propagation. 
 In 2008, Brongersma et al. theoretically investigated the SE of a QD in a 
metal/dielectric/metal  slab and gap waveguides (refer Figure 2.44) [17]. It is found that 
in both structures, spontaneous emission of the QD is greatly enhanced due to tightly 
confined plasmonic modes and that the majority of SE couples into plasmons 
supported by the structures.  
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Figure 2.44 Schematic diagram of (a) MDM slab, electric field inside the gap is shown in red colour 
and (b) MDM slot waveguides with electric field profile of the fundamental mode. Yellow sphere 




In 2010, the same group experimentally realised SE of a quantum emitter placed in 
proximity to a gap waveguide (Figure 2.45) [18].  
 
Figure 2.45 (a) Schematic diagram of the experimental configuration. Incoming laser light illuminates 
the sample through the substrate. Photoluminescence (PL) from the top and bottom of the sample are 
collected and analysed. (b) Geometry of the waveguide structure, W represents the width and H 
represents the height of the slot. Normalised electric field of slot when incident laser light is polarised 




It is observed that for a laser polarised parallel to the slot (TM polarised laser), the QD 
life time decreases and the QD photoluminescence becomes polarised normal to the 
gap with decreasing gap width. Gap plasmons are mainly TM polarised hence can only 
be excited using a TM polarised light.  Most of the PL comes from the slit which is 
evidence that the SE of the QDs and the gap plasmons were interacting. To prove this, 
they used a laser polarised normal to the slot (TE polarised laser) and observed that 
the QD PL weakly depends on gap properties and that the PL spot is broad (unlike in 
the TM polarised laser case where the PL spot is confined in the gap region). 
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As discussed in Section 2.3, QDs can also be used to image the plasmon propagation 
on a waveguide. When the plasmonic waveguides are covered with a continuous QD 
film they can be used to track the plasmon propagation. When the waveguide structure 
is excited using a laser with wavelength less than the QD emission wavelength, a bright 
luminescence is observed around the waveguide edges that decays rapidly along the 
waveguide. Figure 2.46 below shows the CCD images depicting plasmon propagation 
on an Ag NW imaged using CdSe QDs excited using a 532 nm laser. QD emission is 
centred on 612 nm. This luminescence can be interpreted due to QD emission arising 
from locally excited QDs. QDs are excited by the propagating SPPs close to the 
substrate.   
 
 
Figure 2.46 Imaging plasmon propagation along a silver NW using CdSe QDs. Excitation wavelength 
532 nm. Spacer layer between the NW and QD layer is 20 nm thick SiO2. Image was obtained by the 
author at Monash University Funston lab. 
 
Gruber et al. have lithographically positioned 1-3 QDs along a plasmonic stripe 
waveguide with nanoscale resolution [36]. Measurements have used bottom-up 
fabrication techniques utilising multi step E beam lithography (EBL) to localise the 
QDs in the vicinity of the waveguide surface with nanoprecision. First EBL 
lithography was used to make a hole to deposit QDs. Highly diluted CdSeTe/ZnS QDs 
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were spincoated on the fabricated mask and QDs were confined into the holes after 
liftoff. Then a 20 nm SiO2 spacer layer was deposited to prevent direct quenching. 
Then another EBL process was carried out to pattern stripe waveguides aligned with 
the QD filled holes. Metal stripes were fabricated after metal evaporation and liftoff 
process. Structures were excited using circularly polarised light of wavelength 488 nm. 
It is confirmed that, for a QD placed near the vicinity of the waveguide, the local 
plasmon field mainly controls the coupling efficiency. 
Ropp et al. demonstrated the use of QDs as imaging probes and controlling the 
spontaneous emission at the single emitter level with nanolevel accuracy [19]. A single 
QD is carefully placed adjacent to a silver NW to probe the LDOS of the NW as shown 
in Figure 2.47.  The QD position is controlled by activating the flow in a microfluidic 
device using the viscous drag to move the QD. They were able to image the LDOS of 
an Ag NW with a spatial accuracy of 12 nm using a single QD.  
 
Figure 2.47 (a) Optical image of the microfluidic channel. Area inside the circle is the centre control 
region which is controlled by four external electrodes, (b) schematic of the QD positioned near the 
NW. QD is driven along the trajectory shown by black arrow according to the flow control. Inset 




So far we have discussed SPs, excitation/detection of SPP, SPP modes supported by 
plasmonic waveguides, potential applications of plasmonic waveguides and methods 
to control plasmon propagation on a waveguide. We have only briefly discussed the 
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fabrication methods used to fabricate these devices. Section 2.8 goes into more detail 
on the various fabrication techniques.  
2.8 Fabrication  
Plasmonic waveguides can be chemically synthesised (Eg; NWs) or fabricated 
lithographically (e beam lithography, Focused ion beam, Photolithography etc). The 
main waveguides considered in this thesis are gap waveguides and stripe waveguides. 
These waveguides can be fabricated using several lithographical techniques.  The first 
step is to obtain a homogenous metal film on a substrate. It is one of the most important 
steps in the fabrication process. There are several physical and chemical deposition/ 
growth techniques available but the most common method is to deposit metal using 
one of the physical vapour deposition (PVD) techniques.  In PVD, desired materials 
are vaporized under high vacuum and then condensed on to various substrates.  Popular 
PVD techniques are Cathodic arc deposition, electron beam (e-beam) evaporation, 
thermal evaporation, pulsed laser deposition, and sputter deposition. In this thesis we 
used thermal deposition and e beam evaporation.  
In the thermal deposition technique, a small amount of the source material is placed 
inside a small basket made out of a highly resistive heating element. Heating basket 
materials depend on the evaporating material. Then a high current is applied to the 
basket and source material is evaporated. The vacuum allows vapour particles to travel 
directly to the target object (substrate) positioned directly underneath the basket and 
condensed back to solid state. The vacuum in this technique is not as high as e beam 
evaporation or sputtering. Therefore this offers relatively fast deposition. A 
homogeneous and relatively smooth film can be obtained using this method. It is hard 
to obtain thicker films using thermal deposition due to the limitation in source material 
in the heating basket. Purity of the deposited film depends on the quality of the vacuum 
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inside the chamber. Therefore, sputtering and e beam evaporation which utilise high 
vacuum provide films with high purity. 
In e-beam evaporation, source materials are contained inside crucibles. The material 
of which crucible is composed depends on the source material. The crucible is placed 
on a water (or glycerol) cooled stage [98]. In this technique, a tungsten filament in high 
vacuum is given a very high current and an emitted e beam bombards the target 
material (anode). The electron beam transforms the target material into the gaseous 
phase. Vaporised target material atoms then deposit on the substrate positioned directly 
above the target crucible. In this method, the deposition rate can be precisely controlled 
to be as low as 0.1 A°/s. Due to high vacuum, purity of the deposited films are higher 
than thermal evaporation [98].  
In the sputter deposition technique, a noble gas such as Ar is injected into the target 
material chamber. The gas is then converted into plasma localising near the target 
material using magnets. The plasma discharge bombards the target material and ejects 
atoms from the target material. This phenomena is driven by momentum exchange 
between incoming ions and atoms in the material due to collision, and happens only 
when the kinetic energy of the bombarding ions are much higher than 1 eV. 
Advantages of sputtering are that even materials with high melting points can be easily 
sputtered and sputtering can be done using reactive ions such as O2 and N2. Sputtering 
is not suitable for waveguide fabrications using lift-off. This is due to the diffuse 
transport of the ejected atoms, which doesn’t accurately cover step-like patterns on 
substrate [98].  
Once the metal has been deposited, the next step is to mill out waveguide structures. 
Focused Ion beam (FIB) is a scientific instrument widely used as a nanofabrication 
technique. Most FIBs utilise a liquid metal ion source like gallium (Ga). The latest 
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FIBs are modified to use Helium (He) and Neon (Ne) gas as these ions are smaller than 
Ga ions hence can be used to fabricate structures with higher spatial resolution. 
 In a FIB using Ga ions, the Ga source is placed in contact with a tungsten needle. 
When the tungsten needle is heated supplying a current, Ga wets the tungsten needle 
and flows to the tip of the needle forming a Tylor cone. High electric field at the tip 
causes Ga to ionise and results in field emission of the atoms. The ion beam is then 
directed towards the sample using electrostatic lenses [99].  
 
 
Figure 2.48  Operating principle of Ga milling. Impinging Ga ions sputter small amount of sample 
material from the surface. The sputtered section leaves the sample surface as secondary ions (i+) or 
neutral atoms (n0).  
 
As the diagram shows the Ga+ ion beam hits the sample surface and sputters a small 
amount of sample material (Figure 2.48). The sputtered material leaves the sample 
surface either as a secondary ion (i+) or neutral atoms (n0). The ion beam also produces 
secondary electrons (e-). The signal from sputtered ions or secondary electrons is 
collected to build an image. Due to the capability of sputtering in FIB, it is used in 
micro and nano milling processes. Depending on the structure size, and required 
smoothness in the edges, FIB parameters like dwell time, number of passes in raster 
scan, and milling current can be adjusted to achieve a smooth edged milling with high 
spatial resolution on the nanolevel. FIB is also very useful to measure the depth of a 
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film. This is achieved using the clean cross section process. A strip of Platinum (or 
Tungsten if the surface is flat) can be deposited prior cross section cutting, to obtain a 
good contrast to the sample as well as a protective layer to the sample surface. Then 
by using cleaning cross-section option a cross-section cut can be milled into the sample 
and by measuring the depth of the cut, sample thickness can be determined.   
Electron beam lithography (EBL) is another useful technique in fabrication and can 
provide structures with very high spatial resolution (feature size around 20 nm) than 
Ga-assisted FIB [100, 101]. In this technique, first an electron beam resist (like PMMA 
polymer) is spin coated on the substrate. Desired shapes are then patterned on the 
sample by carefully exposing the electron beam to the selected area.   The electron 
beam can alter the chemical environment of the PMMA resulting in a solubility change 
in the exposed areas [102]. This enables the selective removal of exposed and non-
exposed areas at different stages of the fabrication process. The main advantage of 
EBL is the ability to fabricate custom patterns with high resolution (resolution 
typically varies from 10 – 100 nm) [103]. The patterned PMMA mask is then developed 
in MIBK: IPA 1:3 solution (developer) for 30 seconds. This removes the exposed area. 
Desired thickness of metal is deposited onto the developed sample.  Structures will be 
left on the substrate removing the unnecessary PMMA in an acetone bath. This step is 
called the lift-off procedure. Strong adhesion between the deposited metal and 
substrate surface is required in order for structures to survive the lift off process. 
Polymethyl methacrylate (PMMA) is a widely used e beam resist. Standard PMMA 
solutions are available in 495K and 950K molecular weight resins in either 
chlorobenzene or anisole.  The most popular PMMA products are 2-6% 495K PMMA 
in anisole (or chlorobenzene), 8-9% 495K PMMA in anisole (or chlorobenzene), 2-
6% 950K PMMA in anisole (or chlorobenzene) and 8-11% 950K PMMA in anisole 
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(or chlorobenzene). Spincoated PMMA thickness mainly depends on the spin speed, 
molecular weight and the weight percentage of solid in solvent. Spin speed versus 
thickness curves are available for each commercially available PMMA solution. 
Customised PMMA solutions can easily be calibrated by varying the spin speed and 
measuring the film thickness.  
It is advised to use a bilayer PMMA as electron beam resist [104]. In bi-layer PMMA, 
first the lower molecular weight (MW) PMMA is spincoated and cured at 180 °C for 
10 mins. Then the higher MW PMMA is spincoated and cured at 180 °C for another 
10 mins. In a bilayer process the more sensitive 495K PMMA layer is at the bottom 
and when exposed to electron beam, the bottom layer undercut is higher than the cut 
in the 950K PMMA layer (refer Figure 2.49). In a typical EBL process, the next step 
is to deposit metal on the sample after developing. Then the sample is placed in an 
acetone bath to liftoff the PMMA layer. E beam evaporation or thermal deposition is 
suitable as these methods provide less side wall coverage. For a successful lift-off, 
PMMA thickness should be at least three times higher than the metal thickness. 
 
Figure 2.49  (a) single layer PMMA resist exposed to e beam, (b) bilayer PMMA resist exposed to e 
beam and (c) metal deposited on a patterned and developed bilayer sample. Note the undercut is 
deeper than the single layer and (d) structure survives on the substrate after acetone lift-off 
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Photolithography is a similar technique to e beam lithography. But instead of an 
electron beam, photolithography uses a UV beam to pattern on a photo sensitive 
polymer layer (photo resist). The basic procedure in UV lithography involves cleaning 
the wafer and preparing it to spin coat the photo resist. Then the sample is patterned 
by exposure to UV light [105]. The exposure of light causes a chemical change that 
allows the exposed photo resist to be removed using a specific developer solution. 
Positive photo resist, when exposed, becomes soluble in the developer and with 
negative photoresist, unexposed areas are soluble in the developer. Developed 
photoresist is normally baked for a few minutes (“hard-bake”) to solidify the remaining 
photoresist. After that, liquid or plasma etching takes place removing the uppermost 
layer of the substrate which is not covered by the photoresist. Basically patterned and 
developed photoresist acts as a mask aiding the etching occurring on the substrate. 
Finally photoresist is removed using a resist stripper solution. This lithography is 
commonly used in fabricating micron wide structures. 
 
This thesis includes experimental fabrication of nanoscale gap waveguides and stripe 
waveguides. FIB is used for the fabrication of gap waveguide and FIB and EBL are 
used to fabricate nanoscale stripe waveguides. Due to the nanoscale nature of the 
waveguides, UV lithography couldn’t be used fabricate the desired structures. Detailed 
fabrication processes for individual waveguide structures produced in this thesis will 
be explained thoroughly in Chapters 4-6 and the Supplementary section. 
This concludes the background literature and experimental and theoretical techniques 
used in the author’s published papers used in this examination. The overall aim of 
this thesis is to optimise plasmonic waveguides for nano-optical applications. 
Chapters 3 will describe the theoretical approach to understand the quantum dot - gap 
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plasmon interaction, and methods for controlling the propagation of plasmons along 
plasmonic gap waveguides. Chapter 4 is based on optimising nanoscale stripe 
waveguides to support long range bound SPP mode and comparing the efficiencies of 
two excitation techniques to generate the desired LRSPP mode. Chapter 5 is based on 
experimentally studying the QD-LRSPP interaction, mainly the effect of the spacer 
layer in coupling strength and Chapter 6 deals with the design of a plasmonic refractive 
index sensor based on stripe waveguides.  
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Chapter 3:  Numerical analysis of gap plasmon-Quantum dot 
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Simulation of the gap plasmon coupling with a quantum dot
C. Perera and K. C. Vernon
Applied Optics and Nanotechnology Group, Science and Engineering Faculty, Queensland
University of Technology, Australia.
ABSTRACT 
Active control of plasmon propagation via coupling to Quantum Dots (QDs) is a hot topic in nano-photonic research. 
When a QD is excited it acts like a dipole emitter. If this excited QD is placed near a metallic waveguide structure, it can
decay either radiatively into bulk electromagnetic radiation, non-radiatively into heating of the metal or, of interest to 
this project, into a plasmon mode (γpl). By altering the position of the QD it is possible to optimise the decay into the
plasmon mode. 
In this paper we present a system with a QD placed within the vicinity of a single mode Gap Plasmon Waveguide
(GPW). First, we constructed a 2D finite element modelling simulation to find γpl using COMSOL MULTIPHYSICS for
symmetric GPW structures with varying width (w) of the gap and distance of the QD to the waveguide surface (d). We 
then constructed a 3D model to calculate total rate of spontaneous emission of a QD (γtot) and determine spontaneous 
emission β factor, which is the ratio between γpl and all possible decay channels. It is shown that the decrease in width of 
the gap results in much larger β factor. As the gap width decreases, fraction of modal power in the metal increases 
slowing down the plasmon mode resulting in an enhancement in coupling efficiency. The optimized β factor for a square 
metallic slot waveguide is estimated up to 80%. 
Keywords: Gap plasmon waveguide, quantum dots, spontaneous emission.
1. INTRODUCTION
A plasmon is a coherent oscillation of light interacting with the conduction electrons of a metal.  Surface Plasmon
Polaritons (SPPs) are a particular type of plasmon which propagates at a metal-dielectric interface[1]. SPPs can exist at
the interface where the dielectric permittivities of the two isotropic media in contact are opposite to each other[2].
Although conductive materials support plasmons, coinage metals such as gold and silver are mostly associated with
plasmonics since their plasmon resonances lie closer to the visible region of the EM spectrum enabling standard optical 
excitation and detection methods[2].  
Different subwavelength metallic structures like v-groove, stripe, gap and nanowires are extensively studied despite the
intrinsic losses of metals [3-6]. These nanostructures can be used to create nano-scale optical devices for photonics and 
sensing applications [7].  The plasmons enable dramatic concentration of EM field at the interface and slow motion of
charge-density waves, enabling the study of light matter interaction at single emitter single photon level[7].
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Plasmons can be used in nano-circuitry. QDs enable the control of plasmon propagation, and could be implemented to 
perform Boolean operations[8, 9]. It is well known that emission properties of a quantum emitter can be manipulated by 
modifying the photonic environment[10]. According to the theory, if an excited QD is placed in close proximity to a
metallic surface, there are three decay channels[11].
1. Direct optical emission into free space
2. Damped non-radiative decay due to ohmic losses in conductor
3. Spontaneous emission into guided plasmons in the plasmon waveguide.
Non-radiative losses become significant when the separation between the QD and plasmon waveguide is very close[11].
This can be rectified by placing the QD in an optimal position[11]. Fraction of spontaneous emission rate of the excited
QD decay into plasmon mode is called spontaneous emission β factor[12]. This paper aims to model spontaneous emission
of a QD placed in proximity to a gap plasmon waveguide and optimise the β factor.  
2. METHOD
Gap plasmon waveguide, QD and their interactions were modelled in COMSOL MULTIPHYSICS using finite elemental
method described by Chen et al[12].  The GPW was single mode and the plasmon experienced low losses in order to use 
Dyadic Green’s function for plasmon field. Spontaneous β factor is defined as the normalised rate of spontaneous 
emission of a QD (γtot) into a fundamental plasmon (γpl). These values are normalised to the decay rate of a QD in
vacuum (γ0). 
β = γpl / γtot (i) 
γpl can be found using electric dyadic Green’s function. Numerical analysis of this is shown by Chen et al.
γpl(xQD,yQD) =   3πε0 |Ey(xQD,yQD)|2 / {k02 ∫A(E x H*).ẑ dA} (ii) 
where, k0 is the wavenumber in vacuum, ẑ is the unit vector in z-direction (Figure 1), and A is the transverse plane of the
waveguide. The QD is modelled as a short line current oriented along y (Fig. 1). In order to determine the main electric
field component of the QD (Ey) and to find the integration over the transverse plane to the waveguide (x-y plane), 2D 
finite elemental modelling simulation is used in this paper. In the 2D structure, it is assumed that the waveguide is
infinitely long.  
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Fig. 1: 2D schematic of a symmetric GPW. w=h= 50 nm, d=5 nm unless stated otherwise. Ex,y,z(xQD, yQD) is measured along the dash 
line.  
To calculate β, we have to determine γtot. We implement a 3D model in order to accommodate radiation and non-
radiative modes. Total decay rate of the QD is determined using total power dissipation of the current source coupled to
the waveguide[12]. Then it is normalised by the total power dissipation by the same source in vacuum[12].
γtot ={ 0.5 ∫v Re(J ⃰. Ey) dV} / {0.5 ∫v Re(J ⃰. E0y) dV} (iii)
where E0y is the main electric field component of QD in vacuum and J is the current source. In our model we used 1A
line current with 1 nm length.  Size of the line current was chosen sufficiently small to avoid higher order modes[12, 13].
This simplifies Eq. (iii) to  
γtot ={ ∫v Re(Ey) dI} / {0.5 ∫v Re(E0y) dI} (iv) 
with dI representing the line integration over the current source. The length of the waveguide is taken so that plasmons 
propagated will not reflect off the ends of the waveguide and interfere with the QD. To minimise the non-radiative losses
and optimise the QD-plasmon coupling, position of the QD was varied by varying the distance between the QD and the 
waveguide surface. 
3. RESULTS
3.1 The spontaneous emission of a QD into a plasmon mode (γpl)
The normalised rate of spontaneous emission of a QD into the fundamental mode of a symmetric gap plasmon
waveguide was calculated. We considered a QD emission wavelength of 633 nm and the refractive indices of the
waveguide n1= 0.197+3.09i [14] representing gold and dielectric n2= 1 representing air. Height (h) of the waveguide kept 
at 50 nm throughout the paper. Figure 2 shows the schematic of the QD positioned above the centre of the gap edge.
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FIG. 2:  Schematic diagram of the gap plasmon waveguide. QD placed half way along the edge of the gap, 5nm above the waveguide 
The field of the fundamental mode is shown in Fig. 3. Field is more concentrated on the edges for larger width. Since the 
QD is positioned 5 nm on top of the edge of the waveguide, coupling to plasmon mode should be stronger than the QD 
sitting 5 nm on top of the centre with increasing width.  
 
          (a)                    (b)                            (c) 
FIG. 3: Contour plots of the Ey component of the electric field distribution. (a) w= 10 nm, (b) w= 50 nm, and (c) w= 100 nm. 
Wavenumber and the propagation length of the guided mode of the waveguide for various gap widths are studied in 
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FIG. 4: a) Wavenumber of the fundamental mode of the GPW versus width. b) Plot of the propagation length versus width
As the width of the slot increase the wavenumber decreased and the propagation distance increased, refer Fig. 4 (a) and
(b). Propagation length decreased with decreasing slot dimensions due to the fact that the fraction of modal power in the
metal increases hence slowing down the plasmonic mode. This will enhance the coupling efficiency of the quantum dot
by increasing the Local Density of States (LDOS).  
Large wavenumbers mean smaller group velocities which also lead to larger LDOS. This should lead to a higher γpl for 
smaller width which is shown in Fig. 5. 
FIG. 5: Plot of the γpl/γ0 versus width.
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3.2 Spontaneous emission β factor 
In order to determine the likelihood of an excited QD decaying into a plasmon, the spontaneous emission β factor must 
be calculated.  Total rate of spontaneous emission can be computed with aid of a 3D model using Eq. (iv). β can be found
using γpl and γtot.
Calculated β factor with varying width of the slot is shown in figure 6. 
FIG. 6: Plot of the β versus width.
β factor is higher for smaller slot width, i.e strong coupling between the QD and fundamental plasmon according to
figure 5. This supports the idea of higher γpl at lower values of width. Therefore it is shown that, widening the gap results
in lowering the QD- plasmon coupling. 
As the final step, the position dependence of QD to the waveguide surface on coupling to fundamental plasmon is
determined. As can be seen from figure 7, the excited QD preferentially couple to fundamental plasmon when the QD is 
placed 10 nm above the waveguide edge. When the QD is positioned less than 10 nm away from the waveguide, the non-
radiative decay of spontaneous emission in to ohmic losses of the waveguide is significant. This will decrease the
coupling of spontaneous emission of QD in to guided plasmon mode of the waveguide hence lowering the β factor. At 
very large distances QD is positioned far from the evanescent surface plasmon mode tail. Therefore, spontaneous 
emission of QD coupling in to plasmon mode is lower at larger distances. 
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FIG. 7: Plot of the β versus distance of QD to waveguide surface; QD placed on the edge of the waveguide. w = h = 50 nm for the
GPW. 
4. CONCLUSIONS
The spontaneous emission of a QD into a plasmon mode (γpl) and spontaneous emission β factor have been determined 
for a symmetric gap plasmon waveguide with varying gap width.
When the gap width is high, fraction of modal power inside the metal is lower resulting in lower coupling between 
excited QD and fundamental plasmon.
It is clear that when the gap width is higher, field is more concentrated on the edges. If the QD is positioned directly 
above the edge, the rate of excited QD coupling to plasmon is more efficient than placing QD above the middle of the
gap. 
The conciliation between γpl and γtot is essential in designing a QD-plasmon coupling based circuit.  We have shown that,
in optimally placed QD, decay rate in to plasmon is significantly enhanced, far exceeding radiative decay and non-
radiative rates. By varying distance between QD and waveguide surface a β factor of 0.8 or coupling efficiency of 80% 
can be achieved.
It is shown that β factor is higher for small waveguide width. Trade-off between gap dimensions and the emitter-
waveguide surface distance can increase the beta factor. It is expected to numerically analyse effect of gap dimension
further. 
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Optimizing the Quantum dot – plasmon interaction in a nano gap
waveguide. 
Chamanei S. Perera and Kristy C. Vernon 
Plasmonic Device Group, Queensland University of Technology, Brisbane, QLD 4001 
ABSTRACT 
Spontaneous emission (SE) of a Quantum emitter depends mainly on the transmission strength between the upper and 
lower energy levels as well as the Local Density of States (LDOS)[1] . When a QD is placed in near a plasmon 
waveguide, LDOS of the QD is increased due to addition of the non-radiative decay and a plasmonic decay channel to 
free space emission[2-4]. The slow velocity and dramatic concentration of the electric field of the plasmon can capture
majority of the SE into guided plasmon mode ( pl* ). 
This paper focused on studying the effect of waveguide height on the efficiency of coupling QD decay into plasmon 
mode using a numerical model based on finite elemental method (FEM). Symmetric gap waveguide considered in this 
paper support single mode and QD as a dipole emitter. 2D simulation models are done to find normalized pl*   and 3D 
models are used to find probability of SE decaying into plasmon mode ( E ) including all three decay channels. It is 
found out that changing gap height can increase QD-plasmon coupling, by up to a factor of 5 and optimally placed QD 
up to a factor of 8. To make the paper more realistic we briefly studied the effect of sharpness of the waveguide edge on 
SE emission into guided plasmon mode. Preliminary nano gap waveguide fabrication and testing are already underway. 
Authors expect to compare the theoretical results with experimental outcomes in the future.  
Key words: Plasmonics, Quantum dots, Spontaneous emission 
 INTRODUCTION: 
Surface plasmons can exist when the dielectric permittivities of the two isotropic media in contact have opposite signs. 
Due to the dramatic concentration of EM field at the interface, and slow motion of charge-density waves enable 
plasmons to interact with incoming light. Plasmons when coupled to photons can propagate along the metal-dielectric 
interface.  
Plasmon waveguides provide sub-wavelength confinement in two dimensions and help to guide light in nanoscale. 
Trade-off between confinement and loss demands a prudent choice of waveguide geometry. Nano gap waveguides 
consist of a gap in a thin metal film which provides a good subwavelength localisation of the guided mode. Phase 
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velocities of plasmons that propagate in a nanosized metallic gap strongly depend on the gap dimensions[5]. This means 
that by scaling the gap, the phase velocities can be controlled.  
Spontaneous emission of a QD mainly depends on the strength of the upper and lower energy levels of the transition and 
the photonic environment[1]. It is possible to tailor the available number of states which emitting photon can occupy by 
changing the photonic environment. Similar example is keeping a QD near a plasmonic waveguide instead in a free
space. It increases the number of decay channels for the excited QD [2, 4, 6, 7]. In addition to decaying in to free space, 
some of the spontaneous emission will be decayed non-radiatively in to heat losses of the metal. Majority of the SE will 
be captured by the plasmons on the metal surface and propagate as SPPs.  
In this paper, we have focused on controlling plasmon propagation on a nano gap waveguide using a QD in near vicinity. 
Our aim is to study the effects of the symmetry of the gap waveguide, and the height of the gap on spontaneous emission 
coupling to surface plasmons and last not least optimise the SE-plasmon coupling by varying the distance between QD
and waveguide surface.  
METHOD: 
The spontaneous emission of a QD into a plasmon mode ( pl* ) can be determined using Green’s Dyadic for the E-field
for the plasmon mode; 














where 0H  is the permittivity of vacuum, 0k  is the wavenumber in vacuum, zˆ  is the unit vector in z  direction and A is 
the transverse plane of the waveguide with the well-defined field components. pl*ˆ  represents the normalised pl*  with
respect to vacuum ( 0* ). Mathematical analysis of determining pl*ˆ  is shown by Cheng et al.[2].
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tot*ˆ is the sum of all three decay modes.
Determining pl*ˆ  is imperative in optimising the QD-waveguide coupling. The spontaneous emission β factor defines the 
possibility of rate of spontaneous emission of QD into the guided plasmon mode[2]. β factor of 1 means the QD decays 
totally into a plasmon mode[2].  
Nano gap waveguide considered in this model is less than (or equal) 100 nm cross section ensuring a single bound 
plasmon mode and length is sufficiently long enough to assume propagating SPPs do not reflect and couple back to QD.
QD is considered as a dipole of 1 nm line current of 1 A. Size of the QD should be less than 2 nm to avoid higher order 
multiple modes[2]. 
Symmetric waveguide consisted of gold with refractive index n1= 0.2567+6.8191i surrounding dielectric medium of 
SiO2 with n2= 1.53[8] (refer figure 1).  Gap width kept constant at 50 nm.  Gap height varied from 10 nm to 100 nm.
Emission wavelength of the QD was chosen to be 1 µm.  
2D finite elemental modelling technique was used to model the fundamental plasmon mode fields and determine pl*ˆ .
Using COMSOL multiphysics it was shown that fundamental mode has a strong yE   component with maximal field 
along the waveguide edges (refer Figure 2). QD emission components parallel in y direction can be easily coupled to 
fundamental plasmon mode of the waveguide. So, QDs were placed 5 nm top of the waveguide edge (unless stated 
otherwise) to maximise the QD-plasmon interaction (refer figure 1 and 2).  
A 3D model was used to accommodate SE’s radiative decay channel and non-radiative decay into resistive heat of the
metal.  
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According to Eq. 1, pl*ˆ  depends on the field strength in the position of the QD. Symmetric waveguides have higher 
field concentration at the metal/ SiO2 interface corners (refer Figure 2). 
Figure 2: Field plots of the |Ey| for symmetric gap waveguide. Intensity of the field is measured along the line indicated. Waveguide 
has 50 nm x 50 nm cross section.  
Wavenumber and propagation length of the fundamental mode of the two waveguides provide insight into the QD-
plasmon coupling. Wavenumber and plasmon propagation length is shown in Figure 3 below. Propagation length defines
as the distance plasmon has travelled when its electric field amplitude drops factor of e. Higher wavenumber represents 
slower group velocity. When the group velocity is lower, plasmon can capture more photons from the spontaneous 
emission leading to higher LDOS. Slow group velocity plasmons have low propagation length. According to the Figure 
3, wavenumber decreases with increasing gap height. When the gap height is increased, plasmons tend to localise in the
gap area and are freer to propagate with higher group velocity.  
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Figure 3: (a) Wavenumber of the fundamental mode vs. gap height, (b) propagation length vs gap height.
Normalised pl* for symmetric gap waveguides are shown in Figure 4 (a) below. As expected from previous deductions, 
normalised rate of SE coupling into plasmon mode is decreased with increasing gap height. Following the trend of pl*ˆ ,
probability of plasmon coupling to SE of the QD decreases with increasing gap height as evidenced in Figure 4 (b). At
lower gap height, low group velocity of plasmons captures majority of the SE in to guided plasmon mode.  
Figure 4:  (a) Normalised pl*  vs gap height (b) E vs gap height.
Until this point, distance between QD and waveguide surface ( sd ) was kept fixed at 5 nm. Non-radiative decay channel
is significant when the distance between QD and metal surface is low. In this section we fixed the gap cross section at 50 
a) b) 
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nm x 50 nm and varied sd  from 2.5 nm to 70 nm to observe the effect of sd in E . As shown in Figure 5, when sd is 
lower than 10 nm, non-radiative decay channel is significant reducing E . When sd is much higher than 10 nm, as the 
field strength low. In the system, coupling efficiency has increased by a factor of 3 by optimally placing the QD. 
Figure 5: Dependence of E  on distance between QD and waveguide surface.
In reality, it is harder to fabricate gap waveguides with 90° sharp edges. We introduced roundness with radius sr less 
than or equal to height of the gap to each edge (inset of figure 6) and calculated normalised rate of SE coupling into 
plasmon mode. As depicted in figure 6, rate drops by factor of 2 at 5 nm edge roundness. The mode exhibits a strong 
concentration at the edges but strength of the electric field around the edge is slightly weakened at round edges. We 
could conclude that sharpness has a significant effect on the QD- gap plasmon coupling. Even though it is hard to control 
the detailed shape of the sharp edge in the fabrication process, it is better to make the edges sharp as possible for higher 
QD emission in to plasmon mode decay rate.   
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Figure 6: Normalised pl*  vs edge roundness. Inset provides a schematic diagram of the 2D waveguide with rounded edges.
DISCUSSION: 
In conclusion, optimally placed quantum dot can enhance the QD – plasmon interaction. Furthermore, smaller gap 
heights increase the number of local density of states hence increase the probability of capturing spontaneous emission in 
to guided plasmon mode in waveguide. Maintaining the symmetry of the waveguide can increase the optimal coupling 
efficiency up to 97%. Finally, sharpness of the edge has a significant impact of plasmon mode field strength. In 
fabricating process, Even though it is hard to control the detailed shape of the sharp edge, it is better to make the edges
sharp as possible for higher QD emission in to plasmon mode decay rate. Authors expect outcome of this paper would be 
useful in active control of plasmon propagation in plasmonic waveguides. 
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Simulations of the spontaneous emission of a quantum dot near a gap
plasmon waveguide
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In this paper, we modeled a quantum dot at near proximity to a gap plasmon waveguide to study
the quantum dot-plasmon interactions. Assuming that the waveguide is single mode, this paper is
concerned about the dependence of spontaneous emission rate of the quantum dot on waveguide
dimensions such as width and height. We compare coupling efficiency of a gap waveguide with
symmetric configuration and asymmetric configuration illustrating that symmetric waveguide has a
better coupling efficiency to the quantum dot. We also demonstrate that optimally placed quantum
dot near a symmetric waveguide with 50 nm! 50 nm cross section can capture 80% of the
spontaneous emission into a guided plasmon mode.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4864259]
I. INTRODUCTION
Spontaneous emission rate of an excited quantum dot
(QD) depends on transition strength between two states and
Local Density of States (LDOS).1 Interaction between emit-
ter and the field can be enhanced by enhancing the number
of available density of states into which photons can be emit-
ted. This can be done by altering the density of the electro-
magnetic modes of the environment. Surface plasmon is an
excitation of charge density waves with a tight electromag-
netic field confinement.2 By placing a QD in near vicinity of
a subwavelength structure that supports SPs, it is possible to
manipulate the photonic environment of the QD resulting in
increasing the spontaneous emission.
Surface plasmons have potential applications in near
field imaging, sensing, solar cells, and waveguiding.3,4
Plasmonic waveguides are used in plasmonics circuitry to
achieve miniaturization.2 A subwavelength waveguide with
metal-dielectric-metal configuration supports highly con-
fined gap modes.5
There are three possible decay channels for an excited
QD when it is placed at proximity to a gap waveguide. First,
radiative decay of spontaneous emission into free space.6
Second, non-radiative decay due to lossy metal.6 Third is the
most important decay channel which is decay into a guided
plasmonic mode of the waveguide.7 Experimentally, Jun
et al. have shown QD-plasmon coupling for QD films on gap
plasmon waveguides.8 In their experiment, they used a pump
laser polarized parallel to the gap, and the resultant collected
QD emission (centered at 610 nm) was polarized normal to
the slit. When they decreased the slit width, the life time of
the QD decreased and the QD emission became more polar-
ized normal to the gap. Gap modes are polarized normal to
the gap so the fact that they got strongly normally polarized
light from the gap is a clear example that QD emission is
coupled to the gap mode.8 Similar results have been shown
by Gruber et al. for nanowires.9
Jun et al. have theoretically studied the spontaneous
emission of a QD near a metal gap plasmon waveguide
using Fermi’s golden rule and FDTD simulations.10 Their
theoretical analysis is based on simplifying assumptions for
the LDOS and quantum efficiency of the quantum emit-
ter.11 In this paper, we extend this model further by using
the Green’s dyadic function and finite element modeling
simulations.12 To the author’s knowledge, this work
presents the first model of the QD-GPW coupling that takes
in to account all decay channels. In this paper, we investi-
gate how to increase the coupling efficiency between the
QD and GPW by altering gap dimensions, symmetry of the
waveguide and distance between emitter and waveguide
surface.
This paper focused on studying the effect of waveguide
dimensions on the efficiency of coupling QD decay into plas-
mon mode. The numerical model we used was based on the
finite elemental method (FEM) described in Chen et al.12
Gap Plasmon waveguide (GPW) considered has dimensions
less than 100 nm in width and height ensuring it supports sin-
gle mode.13 Like Jun et al.,8,10 we found that the polarization
of the QD emission significantly affected the QD-plasmon
coupling.
II. THEORY
Electric field dyadic Green’s function for one guided
plasmon was constructed using electric field.12 In calculating
projecting LDOS for the plasmonics mode, it is assumed that
the dipole emitter is oriented along y axis [refer Figure 1].
Probability of QD exciting a single plasmon mode is given




where c^pl represents the QD emitter decay into plasmon
channel and c^tot is the sum of all decay channels. c^pl and c^tot
are normalized with respect to the decay rate of a QD in
vacuum (c0).
a)Author to whom correspondence should be addressed. Electronic mail:
cp.hettiarachchige@qut.edu.au.
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Numerical analysis for determining c^pl is shown explic-
itly elsewhere.12 Normalized by the spontaneous emission
decay rate in the vacuum, the emission enhancement due to
plasmonics excitation is given in
c^pl xQD; yQDð Þ ¼




~E ! ~H%ð Þ:z^dA
; (2)
where e0 is the permittivity of vacuum, k
0 is the wavenumber
in vacuum, z^ is the unit vector in z direction, and A is the
transverse plane of the waveguide with the well-defined field
components. In Jun et al., they show the importance of posi-
tioning the Quantum dots in regions of highly localized
field.8 In particular, they show that by changing the polariza-
tion of the input beam they can excite different GPW modes.
Depending on the polarization and the GPW mode excited,
different QDs will couple to the GPW. In our work, we look
at QD coupling to the fundamental mode of the GPW. The
fundamental mode of the GPW [Figures 2 and 3] has a strong
Ey component with maximal field along the waveguide
edges. By placing QDs along the waveguide edges, we can
obtain strong QD-plasmon coupling. We choose the QD’s
emission axis along the y-direction. For other emission axes,
it was found that the QD-plasmon coupling was significantly
less.
When the QD is placed on top of the waveguide edge,
components of the QD emission parallel to y direction can
strongly couple to the plasmon modes of the GPW. QD is
placed such that QD-plasmon coupling is maximum.
According to the field plots [refer Figures 2 and 3], maxi-
mum intensity of electric field was at the edge of the wave-
guide. So the QD was placed 5 nm (unless stated otherwise)
above the waveguide edge [refer Figure 1]. Integration in
Eq. (2) takes over the entire x-y plane. A 2D finite elemental
modeling is used to determine the fundamental plasmon
mode fields. Waveguide was considered to be infinitely long
so that plasmon reflected from the end of the waveguide will
not couple back to the QD.
Numerical method was constructed using dyadic
Green’s function for guided plasmon mode since field com-
ponents tend to concentrate more on the metallic edges and
decay at the borders for larger domains.12 Radiation mode
field components do not vanish even in larger modeling do-
main.12 Therefore, it is necessary to build a 3D model to
accommodate radiation mode decay in calculating b factor.
According to Eq. (1), total decay rate of the QD near metallic
waveguide should be calculated in order to calculate b fac-
tor. Assuming quantum emitter as a current source at near
proximity to the waveguide, total decay rate can be found
from the total power dissipation of the current source
coupled to the metallic waveguide.12 It should be normalized
with the total power dissipation of the same current source
when it is in vacuum. It is important to construct the
FIG. 1. Schematic diagram of a QD sitting on top of the edge of the symmetric GPW and asymmetric waveguide.
FIG. 2. Field plots of the jEj norm for symmetric GPW for (a) w¼ 25 nm, (b) w¼ 50 nm, and (c) w¼ 100 nm.
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computational domain properly. We have used scattering

















where ~J is the current source, ~E0 is the main electric field of
the QD in vacuum. V is defined by the volume enclosed by
the scattering boundaries. In our model, QD is considered as
a 1A line current source. The dipole moment (l) of a line
current source with finite subwavelength size (l) and current





Size of the current source should be restricted in order
to avoid higher order multipole moments.12 It is found that
variation of total power dissipation depending on the size of
the emitter is negligible when the emitter is less than 2 nm.12
In our model, QD is modeled as a 1 nm line of current source
carrying 1A. Length of the plasmonic waveguide should be
long enough to assume that reflected plasmons at the end of
the waveguide don’t couple back to QD. It is found that a
waveguide with a length four times higher than the propaga-
tion length is sufficient.15 Therefore, waveguide was con-
structed with length 10lm.
III. RESULTS
Using the 2D finite element modeling simulations of the
gap waveguide, normalized spontaneous emission of a QD
into a plasmon mode (c^pl) was determined. QD was chosen
with an emission wavelength of 633 nm. There were two
waveguide configurations considered. Symmetric waveguide
consisted of gold with refractive index n1¼ 0.197þ 3.09i
surrounding dielectric medium of air with n2¼ 1.16
Asymmetric waveguide structure consisted of gold (n1) on a
glass substrate (n3¼ 1.5) with upper dielectric medium as air
(n2). QD is positioned 5 nm on top of the gap edge. Gap
height (h) or width (w) was varied from 25 nm to 100 nm by
keeping one parameter fixed at 50 nm. Schematic of the two
waveguide configurations is shown in Figure 1.
According to Eq. (2), c^pl depends on the strength of the
field at the position of the QD. Fundamental mode fields are
more concentrated on the edges for larger width and larger
heights. So it was chosen to place QD on top of the edge of
the waveguide. Field plots of the norm |E| are shown in
Figures 3 and 4.
Field of the fundamental mode is more concentrated on
the edge of the symmetric waveguide for larger dimensions
[refer Figure 2]. Fundamental field is more concentrated on
the edges at metal/glass interface for asymmetric waveguides
[refer Figure 3]. Since the QD is placed 5 nm above the edge
of the waveguide, coupling between QD and plasmon mode
in symmetric waveguide should be higher than that of asym-
metric waveguide.
Wavenumber and propagation length of the fundamental
mode for gap widths and heights for symmetric and asym-
metric waveguides are shown in Figure 4.
As the gap dimensions increase, the wavenumber
decreased. Larger wavenumber implies smaller group veloc-
ity which leads to larger local density of optical states
(LDOS). Larger LDOS increases the coupling efficiency to
the Quantum Dot in the near vicinity. Such geometric slow-
ing down of the plasmon mode will decrease its propagation
length as can be seen in Figures 4(c) and 4(d).
Normalized spontaneous emission of a QD in to a plasmon
mode of the GPW is shown in Figure 5. Normalized c^pl is
higher at smaller gap dimensions for both symmetric and asym-
metric waveguides. This is in agreement with the prediction
made following wavenumber behavior. Coupling to plasmon
mode is higher in symmetric structure than the asymmetric
structure with same gap dimensions. Enhancement in SE for
thinner films is due to both group velocity and mode area
reduction. As seen from the field plots of the fundamental
FIG. 3. Field plots of the |E| norm for asymmetric GPW for (a) w¼ 25 nm, (b) w¼ 50 nm and (c) w¼ 100 nm.
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FIG. 4. Wavenumber of the fundamental mode of the GPW for (a) gap height, (b) gap width. Plots of (c) propagation length vs gap height, (d) propagation
length vs gap width. Ellipse curve corresponds to symmetric GPW, square curve corresponds to asymmetric GPW.
FIG. 5. cpl=c0 for (a) gap height and (b) gap width. Ellipse curve corresponds to symmetric GPW and square curve corresponds to asymmetric GPW.
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mode, field is more localized on the edges of the symmetric
waveguide but field is more concentrated on the bottom edges
(at metal/glass interface) than air/metal edges on top for asym-
metric structures. Therefore, field strength is higher for QD at
symmetric waveguide structure leading to higher coupling effi-
ciency all the time.
Jun et al. have shown theoretically that decreasing width
at constant height of a planar MDM waveguide with a QD
placed in the middle of the slit resulted in decrease of c^pl
which is in agreement with our results.10
To determine the probability of an excited QD in near
vicinity of waveguide decaying into plasmon mode, sponta-
neous emission b factor must be determined. According to
the equation (ii) b can be found using normalized c^pl and
c^tot. Dependence of b values with gap height and width for
symmetric and asymmetric GPWs is shown in Figure 6.
Spontaneous emission b factor is higher for smaller
waveguide dimensions. As explained in the normalized
spontaneous emission in to plasmon mode, coupling between
QD and plasmon is higher in the symmetric waveguide struc-
ture. With QD placed 5 nm on top of the symmetric wave-
guide edge, 45% of the excited state of the QD decay into
plasmon mode.
It is said that by optimizing the position of the QD with
respect to the waveguide surface, b factor can be increased
by decreasing the non-radiative decay.7 b factor is computed
by varying the distance of QD from waveguide surface,
Figure 7.
According to Figure 7, 80% of the excited QD can cou-
ple in to the fundamental plasmon mode in a symmetric
GPW when the QD is positioned around 10 nm on top of the
waveguide edge. For an asymmetric structure, this drops
down to around 40%. b factor is smaller when the distance
between the QD and the waveguide surface is smaller. This
is mainly due to the fact that non-radiative decay of excited
QD is significant when the QD is very close to the wave-
guide. When the distance is large, the coupling efficiency
becomes low as the field strength is low. Since QD is posi-
tioned far away from the evanescent surface plasmon mode
tail, b factor is lower at larger QD to waveguide distances.
IV. DISCUSSION
In conclusion, we have studied how to optimize QD-gap
plasmon coupling for a single mode GPW. We observe sym-
metric GPW has a higher efficiency in catching spontaneous
emission into guided plasmon mode than asymmetric GPW
with same dimensions. With a QD placed 5 nm on top of the
waveguide, increasing the width and the height of the GPW
tends to decrease the coupling efficiency as fraction of modal
FIG. 6. Variation of spontaneous emission b factor with (a) gap height and (b) gap width. QD is placed 5 nm on top of the waveguide edge. Ellipse curve corre-
sponds to symmetric GPW and square curve corresponds to asymmetric GPW.
FIG. 7. Dependence of b factor with the distance of QD to waveguide surface. Ellipse curve corresponds to symmetric GPW and square curve corresponds to
asymmetric GPW. Gap width and height is kept at 50 nm.
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power inside the metal is lower. There is a tradeoff between
c^pl and c^tot. Distance between QD and waveguide surface
was varied to compromise c^pl and c^tot. It is shown that for an
optimally placed QD, 80% of the total spontaneous emission
of the QD can be decay into guided plasmon mode of a sym-
metric waveguide. For an asymmetric waveguide, this cou-
pling efficiency is around 45%. We expect this outcome
would be useful for active control of plasmon propagation in
plasmonics waveguides.
It should be noted that in the process of fabrication of
GPW, it is hard to control the edge sharpness precisely. As
shown in the Appendix, increasing the roundness of the
waveguide edges will decrease the QD emission decay rate
in to plasmon mode. This is due in part to the fact that arbi-
trary sharp edges create over estimated light intensity and
thus the QD-plasmon coupling.5,17 To quantitatively describe
the behavior of the QD-plasmon coupling the edge sharpness
should be compared to experimentally fabricated samples.
The models in this paper provide an understanding of the
QD-plasmon interaction for various waveguide widths and
heights, and edge sharpness should be discussed in future
work.
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APPENDIX: EFFECT OF THE GAP EDGE SHARPNESS
In simulations included, we modelled 2D symmetric
GPW with gap dimensions w ¼ h ¼ 50 nm and QD distance
to waveguide surface at 5 nm with corners of the two semi-
infinite metal film regions rounded with radius rs ( h=2 as
shown in Figure 8(a). The mode exhibits a strong concentra-
tion at the edges [Figure 8(b)]. When the edge is rounded the
strength of the electric field around the edge is slightly weak-
ened. The change in c^pl value with the curvature of the edge
is depicted in Figure 8(c). We can conclude that sharpness
has an effect on the QD- gap plasmon coupling. Even though
it is hard to control the detailed shape of the sharp edge in
the fabrication process, it is better to make the edges as sharp
as possible for higher QD emission in to plasmon mode
decay rate.
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FIG. 8. (a) Schematic of a symmetric
GPW with top corners of the two semi-
infinite metal films are rounded with
radius 0 ( rs ( h=2. (b) Field plot of
|E| norm of the fundamental mode of
the symmetric GPW for rs ¼ 15 nm.
(c) c^pl vs rs for fundamental mode of
the GPW with ellipse curve corre-
sponds to symmetric GPW and square
curve corresponds to asymmetric
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Abstract: In this paper we excite bound long range stripe plasmon modes 
with a highly focused laser beam. We demonstrate highly confined 
plasmons propagating along a 50 µm long silver stripe 750 nm wide and 30 
nm thick. Two excitation techniques were studied: focusing the laser spot 
onto the waveguide end and focusing the laser spot onto a silver grating. By 
comparing the intensity of the out-coupling photons at the end of the stripe 
for both grating and end excitation we are able to show that gratings provide 
an increase of a factor of two in the output intensity and thus out-coupling 
of plasmons excited by this technique are easier to detect. Authors expect 
that the outcome of this paper will prove beneficial for the development of 
passive nano-optical devices based on stripe waveguides, by providing 
insight into the different excitation techniques available and the advantages 
of each technique. 
© 2015 Optical society of America 
OCIS codes: (050.2770) Gratings;(240.0240) Optics at surfaces;(240.6680) Surface plasmons. 
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1. Introduction
The use of plasmon waveguides for the development of sensitive nanoscale sensors and 
passive optical devices is a hot topic in photonics research [1–3]. A common plasmon 
waveguide design is the metal slab waveguide, which supports two surface plasmon polariton 
(SPP) modes on the upper and lower interface. These modes can couple together, forming 
symmetric and asymmetric modes depending on the orientation of the main E-field 
component [4, 5]. The symmetric mode attenuation dramatically decreases with reducing 
metal thickness resulting in Long Range Surface Plasmon Polaritons (LRSPPs). A metal slab 
with different upper and lower dielectric media can also support LRSPPs but has a mode cut-
off thickness, below which the LRSPP is no longer bound and guided [4, 6]. 
Metal stripe waveguides are based on metal slab waveguides but have a finite width. They 
are one of the simplest waveguide structures that allow nanoscale confinement of the light in 
two dimensions. Commonly, they consist of a metallic rectangular bar surrounded by a 
dielectric medium, and theoretically can also support LRSPPs which propagate micron 
distances at or near visible excitation. Many stripe waveguide experiments are carried out in 
the IR or near IR ranges and these have proven the existence of the LRSPP [5, 7–9]. Whilst a 
number of theoretical papers based on stripe waveguide excitation in the visible predict the 
existence of bound LRSPP plasmon modes, there has been no experimental confirmation of 
this [10–13]. Several experiments have been reported in the visible for the detection of leaky 
plasmon modes supported by stripe waveguides [11, 14–16]. These waveguides often sit on a 
substrate and are exposed to air. The plasmon mode supported by the waveguide leaks into 
the air region and its presence is detected via near field scanning optical microscopy 
techniques [14]. However such waveguides do not provide the same level of field 
confinement in two dimensions due to the leaky nature of their modes. 
Stripe waveguides are popular as a plasmon waveguide due to the long propagation 
lengths achieved and the simplicity of the geometry compared to other waveguides [3, 13]. 
However, nanoscale confinement and guided propagation of bound plasmons by these 
waveguides has been difficult to achieve in the visible. In this paper we investigate bound 
plasmon modes supported by stripe waveguides under visible excitation. Two excitation 
techniques are discussed – excitation of the waveguide end and excitation of a grating at the 
waveguide input. We define end excitation as exciting the end of a stripe waveguide by 
focusing a laser beam onto the stripe edge through a high NA objective. For the grating 
coupling, gratings were fabricated in front of the stripe waveguide and the laser beam focused 
through the high NA objective onto the middle of the grating. The position of the focused 
beam onto the grating was optimised for maximal output intensity at the stripe end. 
This type of end coupling has been reported before for near IR excitation, and is also 
known as broadside excitation [7]. Grating excitation for stripe waveguides has not been 
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reported before but has been studied theoretically by Berini et al for metal slabs [17]. Authors 
believe this work is the first attempt to excite bound LRSPP in the visible region. 
2. Theory
Silver LRSPP waveguides were designed for 640 nm excitation. The waveguides were 
supported by an ITO-coated glass substrate and modelled with a covering layer of SiO2. See 
Fig. 1(a) for a schematic of the waveguide design. 
The width of the Ag waveguides was chosen as 750 nm, and the thickness of the 
waveguide was varied so that only one long range mode was supported. Using COMSOL 
Multiphysics the modes supported by the waveguide for various waveguide thickness was 
calculated, along with the propagation lengths. The permittivity of silver was taken as −16.4 + 
1.13i [18], ITO as 3.42 + 0.22i from Sopra database, glass 2.3 and SiO2 as 2.4 [19]. The 
thickness of the ITO was set to 15 nm. The wavenumber of the long range guided modeand 
propagation length are shown in Fig. 2. Plasmon propagation length ( pL ) is taken as the 
distance the plasmon travels before its intensity drops by a factor of e. 
As can be seen from Fig. 2(a), the long range guided mode’s wavenumber increases with 
increasing thickness of the metal film. This indicates that the mode becomes more localised as 
the metal film thickness increases, resulting in more of the plasmon being confined inside the 
metal. This localisation results in a decrease in the propagation distance of the mode as the 
film thickness increases, due to the inherent losses of the metal, Fig. 2(b). Such behaviour is 
typical of long range modes in asymmetric stripe structures, of low asymmetry [6]. As the 
metal film thickness increases the mode becomes more localised to one of the stripe edges 
resulting in higher confinement (larger wavenumber) and thus smaller propagation length. 
Fig. 1. Schematic of the coupling arrangements of the structures (not to scale): (a) Front-on 
schematic of sample (b) grating coupling (c) end coupling. Here star represents the laser spot. 
(d) SEM images of the three structures (width 750 nm, length 10 μm and thickness 30 nm). 
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Fig. 2. (a) Wavenumber, (b) Propagation length of the LRSPP mode and their dependence on 
thickness. 
It was found that if the stripe thickness was decreased below 20 nm, the long range mode 
would be cut-off and no longer bound. Also, if the thickness was above 40 nm, two long 
range modes existed. To ensure only one long range mode, a thickness of 30 nm was selected. 
For this thickness, the plasmon has a 15 micron propagation distance. The field profile of this 
long range plasmon mode is shown in Fig. 3. 
In this paper, we test different excitation methods for exciting the LRSPP mode. Several 
waveguide geometries were fabricated, one without gratings, one with an input grating, one 
with an output grating, and one with input and output gratings. The schematic of the various 
ready-to excite waveguides are shown in Figs. 1(b) and 1(c). 
Fig. 3. |E| field plot of the LRSPP mode in a 30 nm thick, 750 nm wide waveguide on ITO 
coated glass. 
The grating periodicity and height were selected to achieve high efficiency and to 
preferentially excite the LRSPP mode. Grating causes the incident LRSPP to be partially 
reflected in opposite direction to plasmon propagating direction. This perturbation can be 
reduced by strengthening the grating structure such that partial reflections of adjacent bumps 
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cancel out [17]. It has been proven theoretically, and experimentally in the case of square 
gratings, that light-SPP coupling is maximised when the groove-to-pitch ratio is equal to ½ 
for SPs supported by metal films [20]. Since the long range mode of the stripe waveguide has 
a similar field profile to the SP [17] we use the same grating formula to calculate the grating 
period and a groove-to-pitch ratio of ½. Using the grating equation, the wavenumber of the 
plasmon (β) excited by the grating is [21] 
2sin mk
a
πβ θ= + (1)
where k is the incident beam wavenumber, θ is its angle of incidence, a is the grating 
periodicity and m is the grating order. In our experiment the laser beam was focused at near-
normal incidence on the substrate using high numerical aperture objective. Thus Eq. (1) can 








The grating period for our system is 416 nm. 
There are some disadvantages with grating excitation, as discussed by Berini et al in the 
case of metal slabs [17]. Grating excitation not only produces the desired LRSPP mode but 
also other radiation modes which can affect the power of the out-coupled light from the 
waveguide. The total power propagating along the waveguide ( x− direction) at x can be 
written as [17] 
( ) ( )020 ( )x xx S radP x P e P xα −= + (4)
where 0SP is the power carried by the LRSPP at 0x x= ( 0x is the location of the left edge of the 
grating), α is the field attenuation constant of the LRSPP and ( )radP x is the power carried by 
all the other modes. Similar issues can be encountered with end excitation. The stripe edge 
basically operates as a surface defect [21] allowing the generation of multiple plasmon modes 
when the highly focused laser beam strikes the waveguide edge. However, all other modes 
supported by these carefully designed stripe waveguides have very low propagation lengths (< 
2 μm).Both end and grating excitation techniques will be studied in this paper. 
3. Method
3.1 Fabrication 
Plasmonic waveguides were patterned on a 300 nm bilayer PMMA resist(950k A4 / 495 k A4 
PMMA resist from Microchem GmbH) using electron beam lithography (JEOL-7800 FE-
SEM with Raith Quantum Elphy) with a beam current of ~75 pA and 20 kV acceleration 
voltage under optimal dose of 280 µC/ cm2. Patterned PMMA layer was then developed for 
30 seconds in MIBK:IPA 1:3 solution. 30 nm Ag was evaporated on the developed sample 
using the PVD 75 e-beam evaporator under a slow rate of 0.27 °A/s. Scanning electron 
microscope image shows the 750 nm wide stripes survived successfully after lift- off in 
acetone bath. A 200 nm SiO2 layer was then evaporated (with a rate of 0.5°A/s) on top of the 
waveguides to ensure waveguiding in the desired mode. We fabricated stripes with gratings 
on both ends, grating one end and no grating for different stripe lengths (5 µm, 10 µm, 20 µm, 
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30 µm, 40 µm, 50 µm) Refer Fig. 1(b). SEM image of three waveguides (one with grating at 
both ends, one with grating at one end and one with no grating) with 10 µm width are shown 
in Fig. 1(c). The grating periodicity was 416 nm with a groove to pitch ratio of ½. 
3.2 Experimental setup 
For optical characterisation and excitation of the fabricated waveguides we used an inverted 
microscope. Light from a linearly polarised 640 nm diode laser was focused onto the sample 
via a 100x oil immersion objective with NA = 1.4. Polarisation of the excitation light was 
varied using λ/2 plate. Plasmon out-coupling into free space photons at the distal tip of the 
waveguide was observed using a CCD camera (Fig. 4). To verify the plasmon nature of the 
guided mode, polarisation dependence of the out-coupling light was studied. 
Fig. 4. Schematic diagram of the experimental set up. Objective with N/A 1.4. 
4. Optical characterisation
4.1 Polarisation dependence 
Figure 5 shows the experimentally measured polarisation dependency of the light out-coupled 
from a 20 µm long stripe excited via Fig. 5(a) and 5(b) grating excitation and Fig. 5(c) and 
5(d) end excitation. The polar plots show that out-coupling is maximized when the electric 
field of the exciting photons are TM polarised. Calculated Degrees of Polarisation (DoP) for 
out-coupling intensities for plots in Fig. 5(a)-5(d) are 78%, 80%, 86% and 88% respectively. 










where Imax and Imin are maximum and minimum intensities of the output light at the end of the 
stripe waveguide. 
DoP analysis shows that outcoupling light from end excitation (86-88%) is significantly 
TM in nature, and supports the presence of a plasmon mode [7].The end excitation DoP is 
also more polarised than that of grating coupling (78-80%), which is in line with the 
theoretical research that has shown that gratings also produced radiation modes which are not 
TM polarised [17]. 
Figure 5(d) shows CCD images of out-coupling photons from the waveguide end for 20 
µm stripes with Figs. 5(d)(i) grating both sides, 5(d)(ii) excitation grating only, 5(d)(iii) no 
grating and 5(d)(iv) grating in the output only. It is obvious that out-coupling intensity drops 
when there is no grating involved in the excitation of the LRSPP. 
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Fig. 5. Polar plots of out-coupling from (a) grating coupled stripe with grating on both side, (b) 
grating coupled stripe with grating on one end and (c) end coupled stripe without grating 
(d)end coupled stripe with grating on one end. Radial scale goes from 0 to 70 with 17.5 
increments. (e) Series of CCD images of light scattering from the waveguide end 20 μm long 
stripe (i) grating coupled stripe with grating (ii) grating coupled stripe with grating one side 
(iii)end coupled stripe without grating (iv) end coupled stripe with one grating. 
4.2 Propagation length 
4.2.1 End coupling 
To further verify that the stripes support a plasmon guided mode, the propagation length of 
the guided mode was investigated. Figure 6(a) shows the CCD images of the out-coupling 
intensity of end-coupled stripes for stripes lengths of 5 μm, 10 μm, 20 μm, 30 μm, 40 μm, 
while, Fig. 6(b) shows the out-coupling intensity dependence on stripe length for end 
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excitation. The two curves show how the presence of an out-coupling grating affects the out-
coupled intensity. It is clear that the presence of an out-coupling grating does not significantly 
impact the output intensity. 
Fig. 6. (a) Series of images obtained using CCD camera. Stripes with no grating for lengths of 
(i)5 µm, (ii) 10 µm, (iii) 20 µm, (iv) 30 µm and (v) 40 µm. (b) Out-coupling intensity vs stripe 
length with exponential fit for end coupled stripes. 
The out-coupling intensity for each stripe plotted in Fig. 6(b) can be used to determine the 
propagation length of the guided mode. 
We define the propagation length pL , as the length the plasmon travels before its initial 






By fitting an exponential to the curves in Fig. 6(b), the initial intensity I0 is extrapolated, and 
the propagation length pL  determined. The propagation length is 18 6± µm for stripes with 
gratings at in the detection channel and 20 6±  µm for stripe without grating which compares 
well with the theoretical predictions of 15 microns. 
4.2.2 Grating excitation 
A similar analysis has been conducted for plasmons excited via grating excitation. Figure 7(a) 
shows the CCD images of the out-coupling intensity of grating coupled stripes with grating 
both ends for stripes lengths of 5 μm, 10 μm, 20 μm, 30 μm, 40 μm, 50 μm. Figure 7(b) shows 
the averaged out-coupling intensity drop with the increase of stripe length for stripes excited 
by grating coupling. The two curves show how the presence of an output grating affects the 
out-coupling intensity, and once again the output grating does not have a significant affect. 
#231460 - $15.00 USD Received 29 Dec 2014; revised 5 Mar 2015; accepted 18 Mar 2015; published 13 Apr 2015 
(C) 2015 OSA 20 Apr 2015 | Vol. 23, No. 8 | DOI:10.1364/OE.23.010188 | OPTICS EXPRESS 10195 
139
However, upon comparison of Fig. 6(b) and Fig. 7(b), the intensity obtained via grating 
excitation is approximately double that obtained via end excitation. 
Fig. 7. (a) Series of images obtained using CCD camera. Stripes with grating either side for 
lengths of (i) 5 µm, (ii) 10 µm, (iii) - (vi) 50 µm with 10 µm step increment. (b) Out-coupling 
intensity vs stripe length with exponential fit for grating coupled stripes. 
Propagation length for stripes with grating one end is 41 8±  µm and for stripe with 
grating both ends is 53 7± µm. These propagation lengths are approximately two to three 
times that of the theoretical value of 15 µm. This discrepancy can be due to slight variation of 
refractive indices and thicknesses of the materials used in fabrication, but since this wasn’t an 
issue for the end excitation, this variation in propagation length is most likely due to strong 
spatial transients caused by the strong involvement of radiation modes [17]. 
The use of grating in excitation of LRSPP on a stripe waveguide has clearly doubled the 
out-coupling intensity thus making the LRSPP waveguiding easier to detect visually. 
However, it is clear that grating excitation has resulted in the presence of other modes. From 
Eq. (4) it can be deduced that the effects of these radiation modes will decrease for LRSPPs 
that have longer propagation lengths. Thus it would seem that grating excitation would prove 
useful for stripes fabricated in the telecom regime where propagation lengths are much larger 
[17]. 
The grating excitation has provided almost double the output intensity at the distal end 
compared to that observed for end excitation. Berini et al reports the efficiency of grating 
coupling to be around 20% for stripe waveguides, finding that the grating excitation 
efficiency is higher than the efficiencies of other out-of-plane in coupling techniques to date 
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[17]. Thus, our findings of greater output intensity at the distal end for grating excitation vs 
end excitation are consistent with Berini’s results. Grating excitation is designed to not only 
help direct light towards the waveguide but to generate only the desired plasmon mode. End 
coupling is similar to exciting plasmons using surface defects. It will scatter light in all 
directions and generate all possible modes in the stripe waveguide [21]. Since our stripe is 
multimodal and supports 4 bound stripe modes, it is expected that the edge excitation 
efficiency for our desired mode will be less than that of the grating. 
In summary, we have reported optical characterization of bound LRSPPs in the visible 
regime. Despite their propagation length of 15 microns, we have shown that experimentally it 
is possible to visually detect the plasmon propagating up to 50 µm. Due to the bound nature of 
these LRSPPs, these plasmons have higher localisation in two dimensions than their leaky 
counterparts [11, 16]. 
We have also demonstrated that bound LRSPPs can be excited via both gratings and end 
excitation techniques. Polar plots depict that out-coupling LRSPP can be detected when the 
waveguide is excited with TM polarised photons, confirming the plasmonic nature of these 
modes. The grating excitation technique provides higher output intensities and easier 
detection than the end excitation, however, the presence of radiation modes in the grating 
excitation results in a lower DoP. 
The advantage of end excitation is that the presence of other modes is minimal as can be 
seen from the DoP and the propagation length analysis. If it is important to produce single 
mode waveguides, end excitation is a superior technique to grating excitation. We 
alsodemonstrated, for end excitation, that it is possible to easily detect plasmon propagation 
visually up to 20 µm in the visible range. 
Authors expect these findings will be beneficial for future LRSPP applications, enabling 
the informed decision about the best excitation technique for the particular stripe set-up. 
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Abstract
In this paper we image the highly confined long range plasmons of a nanoscale metal stripe waveguide using quantum emitters.
Plasmons were excited using a highly focused 633 nm laser beam and a specially designed grating structure to provide stronger
incoupling to the desired mode. A homogeneous thin layer of quantum dots was used to image the near field intensity of the propa-
gating plasmons on the waveguide. We observed that the photoluminescence is quenched when the QD to metal surface distance is
less than 10 nm. The optimised spacer layer thickness for the stripe waveguides was found to be around 20 nm. Authors believe that
the findings of this paper prove beneficial for the development of plasmonic devices utilising stripe waveguides.
Introduction
Plasmons are a coherent oscillation of electrons in a metal [1].
Loosely bound electrons can combine with incoming photons
and propagate along the metal/dielectric interface. These charge
density waves create a strong near-field [1]. There is increasing
demand for high speed data communication as well as minia-
turised devices, and plasmonics is a possible solution that can
provide both the high speed and miniaturisation [2,3]. Plas-
monics enables the squeezing of optical waves into miniscule
structures and manipulating these waves to achieve all-optical
circuits. Metal waveguides are a popular method to route light
in nanoscale all-optical circuitry. Of all the waveguides, stripe
waveguides are popular due to their ease of fabrication as well
as the ability to support plasmon modes having relatively high
propagation lengths [4,5]. These special modes are called long
range surface plasmon polaritons (LRSPPs). LRSPPs have been
shown to have large propagation lengths in the visible light
range, greater than 10 µm [6].
When quantum dots (QDs) are placed in the vicinity of propa-
gating plasmons, QDs can be locally excited by the plasmon if
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Figure 1: (a) The schematic diagram of the stripe waveguide covered with SiO2 on an ITO-coated glass substrate, and (b) The magnitude of the elec-
tric field of the bound LRSPP mode supported by a 750 nm wide, 30 nm thick silver stripe waveguide on an ITO coated glass substrate at an excita-
tion wavelength of 633 nm.
the plasmon frequency lies within the absorption spectral range
of the QDs [1,7]. Photoluminescence of the QD occurs due to
excitation of the QD by the incident field of the propagating
SPP on the stripe.
Intensity of the QD photoluminescence (PL) arising from the
propagating plasmons is proportional to the intensity of the
local electric field at the given position [7,8]. Therefore, QDs
can be used to map the propagating plasmons on a waveguide
[9,10]. It is well known that QD PL can be quenched via non-
radiative transition of energy from QD to the metal if the QDs
are placed too close to the metal surface [7,11]. Therefore, opti-
misation of the distance between the QD and metal surface is
vital to enhance the PL intensity.
In this paper we present the mapping of the above bound
plasmon mode using quantum dot photoluminescence. For a
plasmonic stripe waveguide, we demonstrate that QD to wave-
guide surface distance is a critical factor on the QD PL [11]. We
use degree of polarisation (DoP) measurements to prove that
QD PL in the vicinity of the metal waveguide is arising from
the local excitation of QDs by the propagating plasmon. Our
experimental findings are supported by finite element model-
ling using COMSOL Multiphysics. Authors believe that find-
ings of this work will prove beneficial in studying light matter
interaction in nanoscale devices and all-optical circuitry.
Theory
COMSOL Multiphysics was used to run simulations on silver
stripe waveguides supported on an indium tin oxide (ITO)-
coated glass substrate with poly(methyl methacrylate) (PMMA)
cladding. The width of the waveguide was chosen to be 750 nm
to visualise easily under an optical microscope. Silver stripe
waveguides were designed to be excited using a 633 nm laser.
Permittivities of the materials used in modelling were, Silver as
−16.4 + 1.13i [12], ITO as 3.42 + 0.22i from Sopra database,
glass 2.3, and SiO2 as 2.4 [13]. The thickness of the ITO was
15 nm. Geometrical parameters of the stripe waveguide were
theoretically determined to ensure the waveguide was single
mode ( ). This required the thickness of the waveguide to be
around 30 nm. The propagation length of this mode within a
waveguide of these parameters has been previously reported
experimentally to be 18 ± 6 µm [6]. The electric field profile of
this mode is shown in Figure 1 below.
The grating periodicity (a) was calculated to provide stronger
incoupling to the desired mode using [14]:
(1)
where β is the wavenumber of the plasmon mode, k is the
wavenumber of the incident light, θ is the angle of incidence
and m is the order of the grating. For a 1st order grating at
normal incidence of light θ = 0 and m = 1. The calculated
grating periodicity was 416 nm. The groove-to-pitch ratio was
chosen as 1/2 [7].
Experimental
We fabricated stripes 30 nm thick, 750 nm wide with grating
using electron beam lithography (EBL). Bilayer PMMA (950k
A4 and 495k A4 PMMA from Microchem GmbH) was
patterned using EBL and then developed for 30 seconds in
MIBK:IPA developer solution. A silver film with 30 nm thick-
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Figure 3: Conceptual representation of the excitation setup. The stripe waveguide is excited using the input gratings and light outcoupling is observed
at the opposite end.
ness was evaporated onto the resist using PVD 75 electron
beam evaporator under 0.1 Å/s. Lift-off of the resist was
achieved in an acetone bath. Stripes with length 20 µm were
fabricated (Figure 2). When using bilayer PMMA in EBL, the
substrate must be relatively conductive. We used ITO-coated
glass substrate as a conductive substrate. The presence of the
ITO layer affects the plasmonic mode propagation, and thus the
ITO layer is included in the FEM simulation. The ITO layer
affects the propagation length and loss of the wavenumber of
the guided mode and any cut-off thicknesses for particular
modes. For more information see [6].
Fabricated structures were then optically tested for plasmon
propagation. The sample was mounted on an inverted micro-
scope stage. A laser beam was focused onto the input grating
through the high numerical aperture (NA 1.3) 100× oil objec-
tive in contact with the backside of the sample through index
matching oil (Figure 3). The outcoupled light from the opposite
end of the waveguide was observed. CCD image of the outcou-
pling at the stripe end is shown in Figure 6b.
Finally, the samples were covered with SiO2 spacer layers of
thicknesses 5, 10, 15, 20, 25, 30, 40, and 50 nm using a PVD 75
electron beam evaporator. Quantum dots with an emission
wavelength of 655 nm were obtained from invitrogen (Cat. No:
Q21321MP). These carboxyl QDs are made from CdSe
nanocrystals shelled with a ZnS layer. The core–shell material
is further coated with a polymer layer to allow for better disper-
sion of the QDs in aqueous solution. These QDs have a narrow
Figure 2: SEM image of 20 µm stripe with grating periodicity of
408 nm.
symmetric emission band with a maximum at 655 nm and are
about 10 nm in size. Above QDs were diluted 50× in deionised
water and spin coated onto the SiO2 surface. Under these condi-
tions the QD layer is highly dense. A schematic diagram of the
sample cross-section is depicted in Figure 4 (image is not to
scale).
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Figure 6: 20 µm stripes a) plasmon outcoupling when excited via grating coupling, b) QD coupling. Spacer layer 20 nm.
Figure 4: Schematic diagram of the cross section of the sample. Silver
stripe waveguide on ITO-coated glass slide. Structures are covered
with SiO2 spacer layer with thickness d. QDs were spin coated on top
of SiO2.
The above experimental arrangement was modified to include a
filter setup (632.8 nm excitor/649 nm single-edge dichroic
beam splitter/655 nm single band bandpass filter) in the micro-
scope for the QD emission line of 655 nm. Plasmon excited QD
PL was observed at 655 nm following excitation of the stripe
waveguide at 633 nm. Incident intensity of the laser was
2.52 mW/mm2.
Results and Discussion
The polarisation dependence of the outcoupled light from the
stripe waveguides (LRSPP mode) in the absence of a QD layer
was investigated by varying the polarisation of the incoming
excitation light (refer Figure 5). For each angle outcoupling
intensity in the captured CCD image was analysed. Measured
intensity values were normalised w.r.t. the incident laser inten-
sity at the waveguide input.
Degree of Polarisation, DoP = (Imax – Imin)/(Imax + Imin),
analysis [10] shows that the outcoupled light is 78.9% TM
polarised, which is in good agreement with other works and
indicates the presence of plasmons [10]. This verifies that the
far-field outcoupling observed at the end of the waveguides is a
direct result of the propagating plasmons on the stripe.
CCD images of the plasmon outcoupling without QD and with
QD are shown in Figure 6. When the LRSPP mode on the stripe
waveguide was excited, the excited plasmon propagated along
the stripe and scattered into the far field at the end of the wave-
Figure 5: Polar plot for plasmons on 20 µm long stripe waveguide
excited via grating coupling. Radial scale goes from 0 to 1.
guide or at a surface defect as shown in Figure 6a. When the
waveguides were coated with a homogeneous QD layer (with a
spacer layer of thickness 20 nm), we observed the bright lumi-
nescence around the waveguide rapidly decaying along the
waveguide length (Figure 6b). If the frequency of the plasmons
propagating on the stripe lies within the broad absorption band
of the QDs, QDs in the immediate vicinity of the waveguide can
be excited via propagating plasmons resulting in PL around the
waveguide. We interpret the brighter QD PL along the wave-
guide edges is arising due to scattering of the propagating plas-
mons due to surface defects present along the edges. Intensity
of the QD PL should be propotional to the intensity of the local
field at the position of the QD. Therefore, the QDs placed in the
evanescent tail of propagating plasmons provide a convenient
method to probe plasmon propagation.
Photoluminescence from the QDs where there with no wave-
guides in the vicinity (bulk QDs) was analysed for polarisation
dependancy of the excitation laser (refer Figure 7, curve repre-
sented by the squares). DoP analysis showed that bulk QDs
show a very little degree of polarisation (~8% TM polarised).
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Figure 8: Normalised intensity at the outcoupling end of 20 µm stripe against spacer layer thickness.
These QDs are slightly elongated in the direction of its crystal
axis. The light emission of these QDs is preferentially polarised
along the crystal axis [15]. The random orientation of this
crystal axis in QDs in the film may result in nearly unpolarised
behaviour in bulk QDs [16,17]. Then the stripe waveguides
were excited using 633 nm laser light. The polarisation of this
laser beam was varied and the QD PL near the waveguide
surface was observed (refer Figure 7, curve represented by the
circles).
Figure 7: Polar plot for plasmon excited (circles) and b) bulk QDs
(squares). The radial scale goes from 0 to 1.
As observed earlier, plasmons on the supported waveguides
were 78.9% TM polarised. DoP analysis showed that the QD
PL near the stripe waveguide showed 57.5% TM polarisation.
In simple terms, the QD PL has an increased PL intensity when
excited using a TM polarised laser. This increase in the DoP is
an evidence that plasmons are causing the near-waveguide
luminescence and QDs near the waveguide are excited by the
propagating surface plasmons on the waveguide.
PL of the QDs can be quenched due to non-radiative decay into
ohmic losses in the metal if placed too close to the metal surface
of the waveguide [11]. This can be eliminated by inserting a
dielectric spacer layer between QDs and the waveguide. In this
experiment we used SiO2 as the dielectric spacer layer. The
SiO2 layer acts as a spacer layer as well as helps to keep the
excited LRSPP mode bound. The PL of QDs at the 20 µm long
stripe end was measured as a function of spacer layer thickness
(Figure 8). Intensities are normalised with respect to the inci-
dent light intensity. For each spacer layer, outcoupling intensity
from five different stripes were obtained and averaged values
are used in the graph below.
We observed that a spacer layer with a thickness of ca. 20 nm
gives the highest outcoupling intensity. This is expected from
theoretical calculations of single QD coupling to stripe wave-
guides [11]. When the QD to waveguide surface distance is less
than 10 nm, non-radiative decay into metallic losses is promi-
nent. Hence, the outcoupling intensity at the end is decreased
and our observation is consistent with previously reported
values [10,18]. After 30 nm, the distance between QD and
waveguide surface increases and the QD is positioned far from
the evanescent surface plasmon mode tail. Therefore, QD
coupling in to plasmon-mediated free charge carriers is lower at
larger distances.
Conclusion
We demonstrated that the QD PL can be used to image LRSPP
propagating on a stripe waveguide. The optimised PL can be
Beilstein J. Nanotechnol. 2015, 6, 2046–2051.
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obtained at a spacer layer thickness of approx. 18 nm. QD
photoluminescence is quenched due to ohmic losses when the
spacer layer thickness is less than 10 nm. Polar plots proved that
the QDs in proximity to the waveguide surface were excited by
the evanescent filed of the propagating plasmons.
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Abstract
In this paper we image the highly confined long range plasmons of a nanoscale metal stripe waveguide using quantum emitters.
Plasmons were excited using a highly focused 633 nm laser beam and a specially designed grating structure to provide stronger
incoupling to the desired mode. A homogeneous thin layer of quantum dots was used to image the near field intensity of the propa-
gating plasmons on the waveguide. We observed that the photoluminescence is quenched when the QD to metal surface distance is
less than 10 nm. The optimised spacer layer thickness for the stripe waveguides was found to be around 20 nm. Authors believe that
the findings of this paper prove beneficial for the development of plasmonic devices utilising stripe waveguides.
Introduction
Plasmons are a coherent oscillation of electrons in a metal [1].
Loosely bound electrons can combine with incoming photons
and propagate along the metal/dielectric interface. These charge
density waves create a strong near-field [1]. There is increasing
demand for high speed data communication as well as minia-
turised devices, and plasmonics is a possible solution that can
provide both the high speed and miniaturisation [2,3]. Plas-
monics enables the squeezing of optical waves into miniscule
structures and manipulating these waves to achieve all-optical
circuits. Metal waveguides are a popular method to route light
in nanoscale all-optical circuitry. Of all the waveguides, stripe
waveguides are popular due to their ease of fabrication as well
as the ability to support plasmon modes having relatively high
propagation lengths [4,5]. These special modes are called long
range surface plasmon polaritons (LRSPPs). LRSPPs have been
shown to have large propagation lengths in the visible light
range, greater than 10 µm [6].
When quantum dots (QDs) are placed in the vicinity of propa-
gating plasmons, QDs can be locally excited by the plasmon if
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Figure 1: (a) The schematic diagram of the stripe waveguide covered with SiO2 on an ITO-coated glass substrate, and (b) The magnitude of the elec-
tric field of the bound LRSPP mode supported by a 750 nm wide, 30 nm thick silver stripe waveguide on an ITO coated glass substrate at an excita-
tion wavelength of 633 nm.
the plasmon frequency lies within the absorption spectral range
of the QDs [1,7]. Photoluminescence of the QD occurs due to
excitation of the QD by the incident field of the propagating
SPP on the stripe.
Intensity of the QD photoluminescence (PL) arising from the
propagating plasmons is proportional to the intensity of the
local electric field at the given position [7,8]. Therefore, QDs
can be used to map the propagating plasmons on a waveguide
[9,10]. It is well known that QD PL can be quenched via non-
radiative transition of energy from QD to the metal if the QDs
are placed too close to the metal surface [7,11]. Therefore, opti-
misation of the distance between the QD and metal surface is
vital to enhance the PL intensity.
In this paper we present the mapping of the above bound
plasmon mode using quantum dot photoluminescence. For a
plasmonic stripe waveguide, we demonstrate that QD to wave-
guide surface distance is a critical factor on the QD PL [11]. We
use degree of polarisation (DoP) measurements to prove that
QD PL in the vicinity of the metal waveguide is arising from
the local excitation of QDs by the propagating plasmon. Our
experimental findings are supported by finite element model-
ling using COMSOL Multiphysics. Authors believe that find-
ings of this work will prove beneficial in studying light matter
interaction in nanoscale devices and all-optical circuitry.
Theory
COMSOL Multiphysics was used to run simulations on silver
stripe waveguides supported on an indium tin oxide (ITO)-
coated glass substrate with poly(methyl methacrylate) (PMMA)
cladding. The width of the waveguide was chosen to be 750 nm
to visualise easily under an optical microscope. Silver stripe
waveguides were designed to be excited using a 633 nm laser.
Permittivities of the materials used in modelling were, Silver as
−16.4 + 1.13i [12], ITO as 3.42 + 0.22i from Sopra database,
glass 2.3, and SiO2 as 2.4 [13]. The thickness of the ITO was
15 nm. Geometrical parameters of the stripe waveguide were
theoretically determined to ensure the waveguide was single
mode ( ). This required the thickness of the waveguide to be
around 30 nm. The propagation length of this mode within a
waveguide of these parameters has been previously reported
experimentally to be 18 ± 6 µm [6]. The electric field profile of
this mode is shown in Figure 1 below.
The grating periodicity (a) was calculated to provide stronger
incoupling to the desired mode using [14]:
(1)
where β is the wavenumber of the plasmon mode, k is the
wavenumber of the incident light, θ is the angle of incidence
and m is the order of the grating. For a 1st order grating at
normal incidence of light θ = 0 and m = 1. The calculated
grating periodicity was 416 nm. The groove-to-pitch ratio was
chosen as 1/2 [7].
Experimental
We fabricated stripes 30 nm thick, 750 nm wide with grating
using electron beam lithography (EBL). Bilayer PMMA (950k
A4 and 495k A4 PMMA from Microchem GmbH) was
patterned using EBL and then developed for 30 seconds in
MIBK:IPA developer solution. A silver film with 30 nm thick-
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Figure 3: Conceptual representation of the excitation setup. The stripe waveguide is excited using the input gratings and light outcoupling is observed
at the opposite end.
ness was evaporated onto the resist using PVD 75 electron
beam evaporator under 0.1 Å/s. Lift-off of the resist was
achieved in an acetone bath. Stripes with length 20 µm were
fabricated (Figure 2). When using bilayer PMMA in EBL, the
substrate must be relatively conductive. We used ITO-coated
glass substrate as a conductive substrate. The presence of the
ITO layer affects the plasmonic mode propagation, and thus the
ITO layer is included in the FEM simulation. The ITO layer
affects the propagation length and loss of the wavenumber of
the guided mode and any cut-off thicknesses for particular
modes. For more information see [6].
Fabricated structures were then optically tested for plasmon
propagation. The sample was mounted on an inverted micro-
scope stage. A laser beam was focused onto the input grating
through the high numerical aperture (NA 1.3) 100× oil objec-
tive in contact with the backside of the sample through index
matching oil (Figure 3). The outcoupled light from the opposite
end of the waveguide was observed. CCD image of the outcou-
pling at the stripe end is shown in Figure 6b.
Finally, the samples were covered with SiO2 spacer layers of
thicknesses 5, 10, 15, 20, 25, 30, 40, and 50 nm using a PVD 75
electron beam evaporator. Quantum dots with an emission
wavelength of 655 nm were obtained from invitrogen (Cat. No:
Q21321MP). These carboxyl QDs are made from CdSe
nanocrystals shelled with a ZnS layer. The core–shell material
is further coated with a polymer layer to allow for better disper-
sion of the QDs in aqueous solution. These QDs have a narrow
Figure 2: SEM image of 20 µm stripe with grating periodicity of
408 nm.
symmetric emission band with a maximum at 655 nm and are
about 10 nm in size. Above QDs were diluted 50× in deionised
water and spin coated onto the SiO2 surface. Under these condi-
tions the QD layer is highly dense. A schematic diagram of the
sample cross-section is depicted in Figure 4 (image is not to
scale).
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Figure 6: 20 µm stripes a) plasmon outcoupling when excited via grating coupling, b) QD coupling. Spacer layer 20 nm.
Figure 4: Schematic diagram of the cross section of the sample. Silver
stripe waveguide on ITO-coated glass slide. Structures are covered
with SiO2 spacer layer with thickness d. QDs were spin coated on top
of SiO2.
The above experimental arrangement was modified to include a
filter setup (632.8 nm excitor/649 nm single-edge dichroic
beam splitter/655 nm single band bandpass filter) in the micro-
scope for the QD emission line of 655 nm. Plasmon excited QD
PL was observed at 655 nm following excitation of the stripe
waveguide at 633 nm. Incident intensity of the laser was
2.52 mW/mm2.
Results and Discussion
The polarisation dependence of the outcoupled light from the
stripe waveguides (LRSPP mode) in the absence of a QD layer
was investigated by varying the polarisation of the incoming
excitation light (refer Figure 5). For each angle outcoupling
intensity in the captured CCD image was analysed. Measured
intensity values were normalised w.r.t. the incident laser inten-
sity at the waveguide input.
Degree of Polarisation, DoP = (Imax – Imin)/(Imax + Imin),
analysis [10] shows that the outcoupled light is 78.9% TM
polarised, which is in good agreement with other works and
indicates the presence of plasmons [10]. This verifies that the
far-field outcoupling observed at the end of the waveguides is a
direct result of the propagating plasmons on the stripe.
CCD images of the plasmon outcoupling without QD and with
QD are shown in Figure 6. When the LRSPP mode on the stripe
waveguide was excited, the excited plasmon propagated along
the stripe and scattered into the far field at the end of the wave-
Figure 5: Polar plot for plasmons on 20 µm long stripe waveguide
excited via grating coupling. Radial scale goes from 0 to 1.
guide or at a surface defect as shown in Figure 6a. When the
waveguides were coated with a homogeneous QD layer (with a
spacer layer of thickness 20 nm), we observed the bright lumi-
nescence around the waveguide rapidly decaying along the
waveguide length (Figure 6b). If the frequency of the plasmons
propagating on the stripe lies within the broad absorption band
of the QDs, QDs in the immediate vicinity of the waveguide can
be excited via propagating plasmons resulting in PL around the
waveguide. We interpret the brighter QD PL along the wave-
guide edges is arising due to scattering of the propagating plas-
mons due to surface defects present along the edges. Intensity
of the QD PL should be propotional to the intensity of the local
field at the position of the QD. Therefore, the QDs placed in the
evanescent tail of propagating plasmons provide a convenient
method to probe plasmon propagation.
Photoluminescence from the QDs where there with no wave-
guides in the vicinity (bulk QDs) was analysed for polarisation
dependancy of the excitation laser (refer Figure 7, curve repre-
sented by the squares). DoP analysis showed that bulk QDs
show a very little degree of polarisation (~8% TM polarised).
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Figure 8: Normalised intensity at the outcoupling end of 20 µm stripe against spacer layer thickness.
These QDs are slightly elongated in the direction of its crystal
axis. The light emission of these QDs is preferentially polarised
along the crystal axis [15]. The random orientation of this
crystal axis in QDs in the film may result in nearly unpolarised
behaviour in bulk QDs [16,17]. Then the stripe waveguides
were excited using 633 nm laser light. The polarisation of this
laser beam was varied and the QD PL near the waveguide
surface was observed (refer Figure 7, curve represented by the
circles).
Figure 7: Polar plot for plasmon excited (circles) and b) bulk QDs
(squares). The radial scale goes from 0 to 1.
As observed earlier, plasmons on the supported waveguides
were 78.9% TM polarised. DoP analysis showed that the QD
PL near the stripe waveguide showed 57.5% TM polarisation.
In simple terms, the QD PL has an increased PL intensity when
excited using a TM polarised laser. This increase in the DoP is
an evidence that plasmons are causing the near-waveguide
luminescence and QDs near the waveguide are excited by the
propagating surface plasmons on the waveguide.
PL of the QDs can be quenched due to non-radiative decay into
ohmic losses in the metal if placed too close to the metal surface
of the waveguide [11]. This can be eliminated by inserting a
dielectric spacer layer between QDs and the waveguide. In this
experiment we used SiO2 as the dielectric spacer layer. The
SiO2 layer acts as a spacer layer as well as helps to keep the
excited LRSPP mode bound. The PL of QDs at the 20 µm long
stripe end was measured as a function of spacer layer thickness
(Figure 8). Intensities are normalised with respect to the inci-
dent light intensity. For each spacer layer, outcoupling intensity
from five different stripes were obtained and averaged values
are used in the graph below.
We observed that a spacer layer with a thickness of ca. 20 nm
gives the highest outcoupling intensity. This is expected from
theoretical calculations of single QD coupling to stripe wave-
guides [11]. When the QD to waveguide surface distance is less
than 10 nm, non-radiative decay into metallic losses is promi-
nent. Hence, the outcoupling intensity at the end is decreased
and our observation is consistent with previously reported
values [10,18]. After 30 nm, the distance between QD and
waveguide surface increases and the QD is positioned far from
the evanescent surface plasmon mode tail. Therefore, QD
coupling in to plasmon-mediated free charge carriers is lower at
larger distances.
Conclusion
We demonstrated that the QD PL can be used to image LRSPP
propagating on a stripe waveguide. The optimised PL can be
Beilstein J. Nanotechnol. 2015, 6, 2046–2051.
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obtained at a spacer layer thickness of approx. 18 nm. QD
photoluminescence is quenched due to ohmic losses when the
spacer layer thickness is less than 10 nm. Polar plots proved that
the QDs in proximity to the waveguide surface were excited by
the evanescent filed of the propagating plasmons.
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Received XX Month XXXX; revised XX Month, XXXX; accepted XX Month XXXX; posted XX Month XXXX (Doc. ID XXXXX); published XX Month XXXX  In this paper we report the design and experimental realisation of a novel refractive index sensor based on coupling between three nanoscale stripe waveguides. The sensor is highly compact and designed to operate at a single wavelength.  We demonstrate that the sensor exhibits linear response with a resolution of 46 10u RIU (refractive index unit) for a change in relative output intensity of 1%. Authors expect that the outcome of this paper will prove beneficial in highly compact, label-free and highly sensitive refractive index analysis.
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1. Introduction Plasmons are coherent oscillations of free electrons existing on metal dielectric interfaces and are highly sensitive to the surrounding dielectric environment. This unique property is incredibly useful in sensing applications. Mach-Zehnder (MZ) interferometry (Ref. [1-5]), surface enhanced Raman spectroscopy (SERS) (Ref. [6-9]), ring resonators (Ref. [10]) and surface plasmon resonance (SPR) (Ref. [11-13]) are widely used techniques utilising plasmons to measure refractive index changes.  SPR is the most widely used sensing technique. It provides high sensitivity with label-free detection. Most commercially available SPR sensors employ a prism configuration to excite SPs on a metal surface which makes the device bulky and requires precise alignments (Ref. [12, 14]).  Nano-plasmonic sensors utilising metallic nanostructures can be used to overcome these limitations. In addition, they allow miniaturisation of the overall device size as well as improving the ease of excitation. The plasmonic Mach-Zehnder interferometer (MZI) is one such alternative passive nano-optical device used in refractive index sensing applications (Ref. [3, 5, 15, 16]). In physics, a MZI is a device used to determine the relative phase shift variations between two collimated beams derived from splitting light from the same single source (Ref. [17]).  Batoli et al. have designed a MZI integrated on a microfluidic platform consisting of two parallel nanoslits in a metal film coated on a glass substrate (Ref. [3, 18]). One slit was used to scatter white light into SP modes on a metal/fluidic interface (sample) on top and a metal/glass interface (reference) at the bottom. Launched SPs on the top and bottom surfaces travelled along the interfaces toward the other slit. These two SP modes interfered with each other and 
modulated the far-field scattering at this slit. Far-field intensity depends on the phase shift between two SP modes. The resolution of this MZI was 41.5 10u RIU while the minimum size of the device had a lateral dimension of 23 µm.  Pacifici at el. also developed an MZI consisting of two grooves separated by a slit (Ref. [5]). White light was directed onto the grooves and excited multiple SPs with different frequencies. Counter propagating SP waves interfered with the incident light at the slit location causing modification of the light intensity transmitting through the slit. The intensity of the transmitted light carries information about the near-field interaction of the plasmon with the dielectric environment. The resolution of this sensor was 73 10u  RIU. All of the interferometric designs described require exciting a SP on a metal slab with a surface defect (such as a groove or slit) and then analysing the resulting interference pattern transmitted through a slit. These sensors enable excitation using white light beams and generate interference patterns from multi-frequency SPs. Most of the presented MZI designs are quite bulky and it is difficult to analyse two analytes at once. As an example, the sensor proposed by Pacifi et al. needs to run separately for reference and sample solutions to allow analysis (Ref. [5]). MZIs can be designed to be wavelength specific and more compact using waveguide structures. Vernon et al. proposed a compact interferometer design using stripe waveguide coupling to measure the change in the refractive index of a sample using the change in the output intensity (Ref. [19]). The stripe waveguides in the proposed design were supporting Long-Range Surface Plasmon Polaritons (LRSPPs). The design consisted of four stripes in total. Light coupled into the sensor using the input arm with the generated LRSPP 
travelling along the input arm before coupling into the two outer reference and sample arms. Waves propagating along the two outer arms then evanescently coupled into the output arm. The presence of a sample in the sample arm caused a phase change in the wave travelling in the sample arm. This phase shift was then detected by the change in the output intensity at the output arm. In this paper, we report the realisation of a refractive index sensor based on stripe waveguide coupling. The structure is similar to the structure proposed by Vernon et al (Ref. [19]) but without the output coupling arm, thus reducing the overall size of the device. The sample window was etched on top of the sample arm via a second ebeam lithography (EBL) process, and was used to place sample solution on top of the sample arm. The presence of the sample changes the wavenumber of the propagating plasmon mode hence changes the output intensity at the end of the sample arm. This design can be modified such that each outer arm can confine two different solutions at once and get the intensity change in the output with respect to each solution. The sample arm and reference arms must be separated from the input arm sufficiently so that the propagating modes do not couple between the sample and reference arm, only between the input arm and the outer arms. The length of the waveguides must also be chosen to ensure there is full transfer of energy between the input and outer arms (i.e. the lengths of the arms are determined by the coupling length of the system).  A schematic of the interferometer design is given in Figure 1.    
 
Fig. 1.  Schematic diagram of the proposed sensor. The sample window is shown as 
the blue rectangle. Li is the length of the input waveguide before coupling with the 
outer arms, Lc is the coupling length, Ls is the sample length and s is the separation 
between inner arm and outer arms 
2. Theory For the MZI based on stripe waveguides, the waveguide is required to support a single LRSPP mode (𝑠𝑠𝑏0) at 633 nm excitation wavelength. Previously it has been reported (Ref. [20]) that this can be achieved with a silver stripe waveguide of width 750 nm and thickness 30 nm. The overall sensor design consists of three identical stripe waveguides labelled as input arm, reference arm and sample arm (Figure 1). The 𝑠𝑠𝑏0 mode of the input arm can be excited via end-fire excitation or grating coupling. This mode propagates along the input arm until its evanescent field starts to interact with the two outer arms.  Li is the length of the input waveguide before coupling with the outer arms, Lc is the coupling length and Ls is the sample length.  The sample arm and reference arm are separated from the input arm by a 
separation distance s, and are uncoupled to each other. This situation can produce only three eigenmodes as shown in Fig. 2 below.  
 
Fig. 2.  [(a), (c) and (e)] Magnitude of the electric field distribution of the eigenmodes 
1, 2 and 3. [(b), (d) and (f)] The y-component of the electric filed for eigenmodes 1, 2 
and 3. Stripes are made from silver, 750 nm wide, 30 nm thick, and separated by 200 
nm on ITO coated glass substrate with PMMA cladding for an excitation wavelength 
of 633 nm. These simulations were done using COMSOL Multiphysics. The total field of the coupled system is a linear combination of these three eigenmodes and can be derived using the Haus and Fonstad approach (Ref. [21]).  Refer to the Appendix for more details. The parameters of the proposed design are separation distance (s) 200 nm, Li = 5μm, Lc = 29 μm and Ls = 20μm. 
A. Intensity Analysis We are interested in the output intensity difference at the sample arm and the reference arm. The corresponding z at this point is, 
i c sz L L L      (1) Electric field of the reference arm at this point 
( )r i cik z L L
r rE a e                                 (2) where, 𝑘𝑟  is the wavenumber of the mode travelling along the reference arm. Intensity from the reference arm (i.e. at 𝑧 = 𝐿𝑖 + 𝐿𝑐 +
𝐿𝑠) can be determined using  
2| |r rI E                                            (3) The wavenumber of the propagating mode on the stripe waveguide changes due to presence of a sample. Electric field of the sample arm at  
𝑧 = 𝐿𝑖 + 𝐿𝑐 + 𝐿𝑠 is given by 
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To determine the sensitivity, we analyse the intensity difference between the reference arm and sample arm due to a small change in the sample refractive index.  
3. Fabrication 
 The refractive index sensor (RI sensor) with a sample window on top of the sample arm was fabricated using a multi-step e-beam lithography (EBL) technique. First, the RI sensor designs and alignment marks were patterned on a 300 nm bilayer PMMA resist (950k A4 / 495 k A4 PMMA resist from Microchem GmbH) using electron beam lithography (JEOL-7800 FE- SEM with Raith Quantum Elphy) with a beam current of ~75 pA and 20 kV acceleration voltage under optimal dose of 280 μC/cm2. The patterned PMMA bilayer was then developed for 30 seconds in MIBK:IPA 1:3 solution. 30 nm Ag was evaporated on the developed sample using the PVD 75 e-beam evaporator under a slow rate of 0.1 angstrom per second. A scanning electron microscope image was obtained (Fig. 3) which shows the successfully survived sensor designs after lift-off in acetone bath.  Second, a 300 nm bilayer PMMA resist was spincoated on top of the structures to pattern the sample window on top of the sample arm.  Then, the sample windows were patterned in the second EBL step. Finally, the patterned bilayer was developed in the developer solution for 30 seconds.  
 
Fig. 3. SEM images of interferometers with gap separation a) 200 nm and b) 300 nm. 
Scale bar in the figure represents 10 µm. Lengths of the input guide, reference arm and sample arm were 15 µm, 25 µm and 25 µm respectively. The design was tested for two separation distances of 200 nm and 300 nm as shown in Fig. 3.   
4. Results and Discussion A grating structure was placed at the input end to increase the energy transfer of incoming light into the input waveguide (Ref. [22]).  The gratings were excited through an inverted microscope set-up using a 633 nm wavelength laser. The plasmon propagation and 
coupling in the RI sensor was imaged using CdSe quantum dots (QDs) with emission wavelength at 655 nm (From Invitrogen Cat. No. Q21321MP). An optimum QD spacer layer thickness of 18 nm SiO2 was selected (Ref. [23]). The sensor designs with separations between two outer arms of 300 nm [Fig.4(a)] and 200 nm [Fig. 4(b)] were observed under QD luminescence.   
 
Fig. 4. QD luminescence images of interferometers with 300 nm gap and 200 nm gap 
when excited via input arm with a 633 nm laser. We observed that plasmon outcoupling intensity was higher when the outer waveguide separation is lower. Based on the experimental results obtained from the QD images we chose to proceed with the sensor with 200 nm outer arm separation. An input laser of wavelength 633 nm and power level of 4.0 mW was used to excite the LRSPP mode in the input arm. The excitation setup is described in detail in Ref. [22]. A series of CCD images of the RI sensor in operation for different solutions with different refractive indices are shown in Fig. 5. Refractive index of the sample in the sample arm was varied by varying the glucose concentration in deionized (DI) water. Maximum incoupling was ensured by adjusting the beam position on the input grating such that it obtains maximum intensity. Incoupling and outcoupling intensities of the sensor were analysed using CCD images. For a laser power of 4.0 mW, input intensity had an averaged value of 65370 ± 90 Gray value. The outcoupling intensity of the reference and sample arm were measured for each sucrose solution. 
Fig. 6 depicts the relative intensity change ΔI/I0 between the sample and reference arm versus sucrose weight percentage in each sucrose solution, where I0 is the intensity on the reference arm, Ir (Eq. (3)).  
 
Fig. 5. Plasmonic RI sensor. Right outer arm (reference arm –covered with PMMA), 
left outer arm (sample arm – covered with 0.5% sucrose in DI water) Rightmost to lest 
are series of CCD images obtained for 0%, 10%, 80% sucrose in DI water and index 





×  𝟏𝟎𝟎%                         (6) 
Is is the sample arm output intensity at a specific glucose concentration (Eq. (5)). I0 = Ir is the reference arm output intensity and the reference arm was covered by PMMA of refractive index 1.4888 (at 633 nm, 20°C) (Ref. [24]).  Five RI sensors are used to calculate the relative intensity change for each sucrose measurements, and the results averaged. The error bars in Fig. 6 are for the standard error in this averaging.  
  
Fig. 6. Relative intensity difference between the sample arm and reference arm versus 
weight percentage of sucrose in DI water. The error bars are for the standard error.   The relative intensity difference was highest for DI water (with no sucrose) and lowest for 10% sucrose in DI water. For further clarification, a graph was plotted against relative intensity change as a function of refractive index change with respect to PMMA (Fig. 7). All the refractive indices of all sucrose solutions were measured at 20°C at a wavelength of 633 nm relative to air (Ref. [24]).  
 
Fig. 7. Relative intensity difference between sample arm and reference arm vs 
refractive index difference (between PMMA and sucrose solutions) in refractive index 
units (RIU).  We observed that the intensity difference between arms changes linearly with the change in the refractive index of the solution (w.r.t. PMMA). Figure of Merit (FOM) relative to the intensity change was calculated by dividing the difference in the relative intensity change 
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' 
'                                        (7) Calculated FOM for relative intensity change of the device was ~103 %/RIU.  The gradient of the graph ∆I/I0 vs. ∆n depicts the relative intensity difference for a refractive index change of 1 RIU in the sample arm. The device has a resolution of 46 10u  RIU for a change in relative output intensity of 1%.  The sensor was further tested for 80% Sucrose (R.I. 1.4906) and an index matching oil of RI 1.5150. For 80% sucrose solution and for index matching oil, the sample arm intensity was higher than the reference arm [refer to CCD images on Fig. 5(c) and Fig. 5(d)]. These intensity differences when plotted on the above graph were consistent with the linear behaviour (these points are not shown on the graph).  
5. Conclusion We experimentally realised a three arm refractive index sensor design with a resolution of ~ 46 10u RIU for a 1% relative intensity change between output arms. The device is highly compact and 
authors believe it’s the first attempt to fabricate an RI sensor with stripe waveguide coupling system.  
6. Appendix 
A. Additional Theory information Here we assume that propagating modes in all three stripes are identical and the amplitudes of each wave is represented by ai (z)  (input), ar (z) (reference) and as (z) (sample) with direction of the propagating waves along z. Due to coupling between the stripes, the amplitudes of the propagating modes decrease along the waveguides. Changes in the amplitude of each wave on each arm as a function of 
z can be given by 
( )i r s
da i a adz N 
   (A.1) 
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   (A.3) where N is the coupling strength. The solution to the above equations is in the form of e-iγz with γ satisfying  
3 22 0J N J  
   (A.4) The solutions J of the above equation (0, 2N , 2N ) are the wavenumbers of the amplitudes of each eigenmode in the coupled system. When J =0, the input arm has zero amplitude and the two outer arms have equal amplitudes but a π phase difference. This mode is depicted in Fig. 2(e) and Fig. 2(f).  When 𝛾 = √2κ, the mode exists in all three arms but the input arm is out of phase by π radians with the reference and sample arms. This mode is called the anti-symmetric mode and is shown in Fig. 2(c) and Fig. 2(d) The wave in the input guide starts interacting with the outer arms at z = Li. ar and as are zero at this point. During the coupling process the reference and sample arms are in phase with each other due to their identical parameters. The input LRSPP mode excites symmetric and anti-symmetric eigenmodes in the two outer arms [Fig. 2 (a), Fig. 2(b) and Fig.2(c), Fig. 2(d)] leading to an energy transfer from the input waveguide to the outer waveguides. Then the change in the amplitudes at z = Li are given by, 
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  (A.7) where Ai is the amplitude of the first (all arms are in phase) and second modes (reference and samples are S out of phase with the input arm) of the Fig. 2(a), Fig. 2(b) and Fig. 2(c), Fig. 2(d) respectively. 






    (A.8) For the chosen s, Lc must be lower than the propagation distance of the plasmon mode and large enough to keep the reference and sample arms uncoupled to each other. 
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Chapter 7:  Conclusions 
In this thesis we concentrated on developing plasmon waveguides for nano-optical 
applications, and studied various methods of excitation and control of plasmon 
propagation. It is hoped that the results of this work will contribute to the future 
development of nano-optical circuitry.  
The main contributions of this thesis are summarized as follows. 
Chapter 3: This chapter focussed on numerical and experimental analysis of the QD-
plasmon interaction when an optically excited QD is placed in proximity to a plasmon 
waveguide. Chapter 3 consisted of three sections.  
Section 3.1: A numerical analysis of active control of gap plasmon propagation using 
Quantum dots was presented. The effect of gap width and waveguide-to-quantum dot 
distance were analysed extensively. The probability of a QD spontaneous emission 
decaying into gap plasmon mode in a symmetric gap waveguide was observed to 
increase up to 50% when the gap width was reduced to 25 nm. 
Section 3.2: The effect of gap height, emitter-waveguide separation, and sharpness of 
the edge of the gap were studied to establish the effect on the efficiency of a dipole 
emitter coupling into gap plasmon modes when the emitter is placed in the vicinity of 
a symmetric nano gap waveguide. Up to 5-fold increase in dipole emission into a 
guided plasmon mode was produced by varying gap height and this could be further 
increased by placing the emitter of optimal distance of 10 nm from the waveguide 
surface. 
Section 3.3: This paper describes a detailed analysis of the effect of Local Density of 
States (LDOS) of an optically excited Quantum dot at near-proximity of a single mode 
gap plasmon waveguide. We analysed the effect of gap parameters as well as the 
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symmetry of the surrounding dielectric media on QD-plasmon coupling efficiencies 
and found that the symmetric environment provides better coupling efficiency of 
spontaneous emission of QD into plasmon mode of the gap waveguide. To make the 
paper more realistic we studied the effect of the edge sharpness on the QD-plasmon 
interaction.  
Chapter 4: This chapter discusses experimental realisation of excitement of bound 
plasmon modes on a stripe waveguide in the visible region using a highly focused laser 
beam. Two excitation methods were considered; endcoupling –where a highly focused 
laser beam was directed onto the waveguide’s end and grating coupling- where a 
highly focused laser beam was directed onto a grating. The grating coupling provided 
better coupling of incoming light into the desired plasmon mode propagating on the 
stripe. The outcoupling intensity was increased by a factor of 2 when excited by grating 
coupling hence we were able to visually observe plasmon outcoupling from a 50µm 
long stripe. This is the first experimental realisation of an  excited highly confined 
long-range plasmon mode on a stripe waveguide, using visible light excitation.  
Chapter 5: In this section QDs were used to image the bound plasmon propagating 
on a nanoscale stripe. It was known from Chapter 3 that QD-waveguide separation 
needs to be optimised to enhance the QD-plasmon coupling. The spacer layer thickness 
was changed from 5 nm to 50 nm in increments of 5 nm. It was found that the optimum 
coupling between QDs and highly confined plasmons propagating along the nanoscale 
waveguide occur when the QDs were placed 18 nm on top of the waveguide. This 
agreed well with the existing literature on stripe-QD coupling. QD photoluminescence 
was quenched when the spacer layer thickness was less than 10 nm. 
Chapter 6: A novel plasmonic refractive index sensor based on stripe waveguides was 
fabricated and analysed in this Chapter. The sensor design consisted of three stripe 
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waveguides; input waveguide and two identical outer arms named as sample arm and 
reference arm.  Grating coupling excitation was used to excite Long-range plasmon 
mode on the input stripe waveguide. The excited plasmon travelled along the input 
guide until the evanescent field of the mode interacted with the two closely placed 
outer arms. This resulted in three-waveguide coupling. Coupled modes in the outer 
arms propagated along the waveguides with the same wavenumber. A sample solution 
was placed on top of sample arm. When the propagating mode on the sample arm 
encountered the sample, the wavenumber of the mode changed, due to the change in 
the refractive index. This resulted in an intensity change at the output end of the sample 
waveguide. The intensity difference between the reference and sample arms behaved 
linearly with the refractive index change. The sensitivity of this refractive index (RI) 
sensor was found to be ~ 54 10  per one intensity change.  
In conclusion, this thesis has presented both theoretical and experimental investigation 
of plasmonic nanostructures to use in applications. In particular, nanoscale plasmon 
waveguides supporting bound plasmon modes propagating micron distances have been 
experimentally realised and implemented to create a passive nano-optical device. The 
interaction of quantum dots with plasmon modes has also been studied experimentally 
and theoretically. It is hoped that the QD-plasmon study and the realisation of this 
nanoscale plasmon waveguide will benefit future developments in the nano-optics 
area. In particular, future avenues of future works are:  all-optical logic gates and the 
use of plasmonic effects to increase solar cell and sensing efficiencies.  
Recently, nanoscale all-optical logic gates have attracted enormous attention due to 
their important applications in optical computing and tetra-hertz speed information 
processing. We believe it is possible to develop nanoscale all-optical logic gates using 
the stripe waveguides discussed in this thesis. By placing a single emitter in the vicinity 
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of the output waveguide the emitter can be used to control the propagation of the light 
hence controlling the output digital state.  
Plasmonics is mainly used to focus and localise light in the nanoscale using minuscule 
structures. This can be effectively used to increase the light harvesting inside a solar 
cell. Findings in this thesis could prove beneficial in increasing the efficiency of certain 
types of Solar cells. For instance, a Plasmonic QD-solar cell incorporating grating 
assisted light incoupling could be designed to excite propagating plasmon modes on a 
thin metal stripe waveguide with sunlight. QDs placed on the stripe waveguide will be 
excited by the plasmonic evanescent field propagating on the stripe and could be used 
to enhance the light absorption inside the solar cell.   
By studying the interaction of light with the conduction electron of a metal, scientists 
have found new possibilities in many areas, such as data transmission in integrated 
circuits, chemical and biological sensing, spectroscopy, and photovoltaics. We believe 
further investigation into these fascinating phenomena will open up even more exciting 
discoveries in the future.  
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Appendices 
 
Appendix A: Modelling f QD-plasmon interactions 
This section repeats the numerical modelling of SE emission of an excited quantum 
emitter in the vicinity of a waveguide decays into the plasmonic mode travelling along 
the waveguide by Chen et al [97]. 
When a quantum emitter is placed in the vicinity of a metallic plasmonic waveguide, 
there are three possible decay channels for the quantum emitter to decay into. (i) 
Radiatively decay into free space ( rad ), (ii) nonradiatively decay into ohmic losses in 
the metal ( nonrad ), and (iii) decay into guided plasmon mode of the waveguide ( pl ). 





 where tot is the sum of all 
three decay channels.  factor gives the probability of SE of the quantum emitter 
decaying into guided plasmon mode on the waveguide. In order to find spontaneous 
emission  factor, first we need to find 
pl . 
A1. Modelling spontaneous emission decay rate into the plasmonic mode (
pl ) 
 
















where, 000 k is the vacuum wavenumber, )(r is the dielectric function 
relative to vacuum, )(r denotes the relative permeability constant assumed to be 
equal to 1. 
 174 Appendices 
 ( )( , , ) ( , ) j t zE x y z E x y e  
   (2) 
where, { , }p  denotes the complete orthogonal modes for the guided plasmonic 
mode with β as the component of the wavevector along the z axis (propagation 
constant) and p as the polarisation of the mode. The symmetric waveguide structure 
consists of a dielectric gap in a metal film and the structure is surrounded by the same 

















   
with (1,2)i , where i is the relative permittivity. 
GPW parameters we chosen such that the waveguide only supports fundamental 
plasmonic mode with a strong Ey component. Electric field dyadic Green’s function of 
the guided mode can be constructed using eigenmode analysis and normalised 
plasmonic decay rate can be extracted.  
The electric dyadic Green’s function ( , ', )G r r  is given by, 
 ˆ ( , ', ) ( ')LG r r I r r    (3) 
2 
1 
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where I is the unit dyad. The operator 2
0
ˆ [ ( )]L k r  doesn’t have a set of 
complete orthogonal eigenmodes if the ( )r is complex. Suppose 
nE is a set of 
eigensolutions defined by Lˆ , the eigensolutions of the adjoint operator 
†ˆL  are defined 
as the biorthogonal modes †
mE .
†ˆL is obtained from the operator Lˆ by replacing the 
complex conjugate of ( )r . The biorthogonality condition is given by, 
† 3( ) ( ) [ ( )]n m nm nr E r E r d r N 
   
with the completeness relation 
†( ) ( )[ ( ')]
( ')n n
n






  . 
From the biorthogonality completeness relation, the dyadic Green’s function 
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where, ( , ', )GTG r r  is the generalized transverse part of the dyadic Green’s function. 
It is constructed using the complete set of transverse eigenfunction ( )nE r defined by, 
2
0( ) ( ) ( ) ( ) ( )n n n nE r k r E r r E r      
and [ ( ) ( )] 0nr E r   with eigenvalue n .  
The generalised longitudinal part of the dyadic Green’s function is constructed from 
longitudinal eigenfunctions that can be found from a complete set of scalar eigenmodes 
( )n r satisfying [ ( ) ( )] ( )n n nr r r       with the biorthogonality relation 
† 3( ) ( ) [ ( )]n n nm nr r r d r M   
    . Since the guided plasmonic mode is the field 
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solution in the absence of electric charge ( [ ( ) ( )] 0nr E r  ), the longitudinal 
component will vanish in the following calculations. 






( , )[ ( ', ')]





E x y E x y e











  (5) 
where, the simplified normalization factor N is given by, 
†2 ( , ) ( , )[ ( , )]N x y E x y E x y dxdy  
  . 
Equation (5) is evaluated for one plasmon mode using contour integration method 
because the intergrand decays to zero at infinity in the upper and the lower  planes, 
2 †( , )[ ( ', ')]
( , ', )pl
g






  where, vg is the group velocity defined by 
the 
gv d d  . 
According to Novotny et al [106], The dyadic Green’s function can be used to calculated 
the projected LDOS for one plasmonic mode,  
2
0 0 0 0 0( , ) 6 [ Im{ ( , , )} ] / ( )r n G r r n c          where n is the unit vector of the 
dipole moment of the quantum emitter. If the emitter is oriented along Y axis, the 
projected LDOS for the plasmonic mode is given by, 2,( , ) 6 | ( , ) | /( )pl y gr E x y Nv    
The decay rate of the spontaneous emission into plasmonic mode (
pl ) is given by, 
20
0




   

 and pl can be normalised w.r.t the spontaneous emission 
decay rate in the vacuum ( 0 ). The normalised spontaneous emission decay rate into 
plasmonic mode is given by, 






6 ( , )[ ( ', ')]y ypl
g





  (7) 
According to Snyder et al [107], the group velocity vg can be calculated using,
* 2
0( ) / ( , ) | ( , ) |g
A A
v E H zdA x y E x y dA 
 
    , where A denotes integration over 
the transverse plane. By applying the power orthogonal approximation along with the 
group velocity equation used by Snyder et al [107] into  equation (7), spontaneous 
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In order to find spontaneous emission  factor, the next step is to find the sum of all 
three decay channels tot . 
A2. Modelling total decay rate ( tot ) 
Well defined field components in the transverse plane of the waveguide enable the 
numerical construction of plasmonic mode of the quantum emitter spontaneous 
emission using dyadic Green’s function. When the model domain is reasonably large, 
the concentrated fields near the metallic edge of the waveguide tends to decay to zero 
on the borders. Therefore, the scattering boundary condition ensuring absorption of 
plane waves is used in the truncated 2D modelling domain. The field components of 
the radiation modes in transverse plane does not vanish even at large domain size. To 
determine the total decay rate of the spontaneous emission of the emitter, a full 3D 
numerical solution is needed to include the radiation modes. 
Electric field is generated by the quantum emitter and is constructed as a linear current 
source. In the model used in Chapter 3, we looked into the fundamental mode of the 
 178 Appendices 
GPW which has a dominant Ey field component with field maximal along the 
waveguide edge. The quantum emitter is oriented along the y axis in the vicinity of the 
waveguide with strong dipole emission along the same axis. The total decay rate of 
the, tot , can be extracted from the total power dissipation of the current source 
coupled to the nearby metallic waveguide, 0 0tot totP P   with 
1 2 Re( )tot tot
V
P J E dV  is the total power dissipation of the current source coupled 
to the metallic waveguide and 0 01 2 Re( )
V
P J E dV  is the total power dissipated 
by the same current source in the vacuum. 0P is used as the normalizing quantity. For 
an electric current source with finite size of l 0( )l   , and linear distribution of 
current (I0), the dipole moment of the source is given by, 0 /jI l  . The size of the 
linear current source must be restricted below 2 nm to avoid higher order multiple 
moments. Therefore, in our model we constructed QD as a linear current source 
carrying 1A current. The size of the emitter restricted to 1 nm to consider it as a dipole 
emitter. Therefore, the simplified equation for the normalised total decay rate of the 














dI implies the integration over the length of the emitter. To solve the above equation, 
the electric field strength at the emitter position needs to be calculated. The waveguide 
should be sufficiently long enough to avoid the reflected plasmon modes interfere with 
the QD. Therefore the chosen waveguides are longer than 4 times the propagation 
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Appendix B: Supplementary materials 
B1. Gap waveguide fabrication 
Gap waveguides were fabricated using the FIB technique. 250 nm Au was thermally 
(or e beam) evaporated on to a glass substrate of thickness 1 mm. Then 300 nm wide 




Figure B1 (a) FIB milled gaps with left most gap with low number of passes, middle to right increased 
number of passes in raster scan and (b) a successful 300 nm wide 250 nm deep 3 µm long slot 
 
After familiarising myself with the FIB operation the next target was to fabricate a 
stripe waveguide using FIB. The first method was to mill a PMMA layer, deposit gold 
and lift off. 100 µm x 100 µm x 100 nm square waveguide survived after lift-off but 
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Figure B2 Attempt to make stripe waveguides using FIB milling into PMMA followed by lift-off.  a) 
Survived 100 µm x 100 µm x 100 nm square waveguide. Polymer layer in the background is left after 
liftoff process probably the PMMA layer exposed to e beam while imaging using SEM. b) 
unsuccessful 200 nm wide 250 nm deep 10 µm long stripes. 
Next attempt was to mill stripe waveguide on the metal coated sample by milling away 
a large area leaving the stripe in the middle. We could obtain stripes successfully using 
this method. We incorporated grating structures to provide better incoupling into 
plasmons when excited using highly focused laser beam (Figure B3)  
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Figure B3 (a) 200 nm wide, 100 nm thick, 10 µm long stripe with grating structures (grating 
periodicity 383 nm with groove to pitch ratio 1/2), and (b) tilted view of the same stripe waveguide. 
The structure was produced at Melbourne Centre for Nanofabrication, Melbourne. 
 
Since the fabrication difficulties and excitation difficulties, wider stripes were milled 
using FIB technique. Fabricated structures were checked for plasmon propagation 
using highly focused laser beam focused on to the input grating using x100 times oil 
objective with 1.3 numerical aperture. CCD images were obtained of propagated 
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Figure B4 (a) 1 µm wide, 5 µm long 100 nm thick Au waveguides fabricated using FIB, and (b) 
plasmon propagating on a FIB milled stripe when excited using highly focused laser beam of 
wavelength 633 nm. Structures produced by the author at QUT using CARF facilities and dark field 
image obtained by the author using inhouse excitation setup. 
 
Very low propagation length was observed in these structures which was discouraging. 
Therefore, stripes were fabricated using e beam lithography. First, 300 nm thick 
bilayer PMMA resist (using 950k A4 / 495 k A4 PMMA resist from Microchem 
GmbH) was prepared on a cleaned ITO coated coverslip. Then the 750 nm wide stripes  
(length 5 µm and 10-50 µm)  with and without grating section were patterned onto the 
PMMA layer using electron beam lithography (JEOL-7800 FE-SEM with Raith 
Quantum Elphy). Patterned PMMA layer was then developed for 30 seconds in 
MIBK:IPA 1:3 solution. 30 nm Ag was evaporated on the developed sample using the 
PVD 75 e-beam evaporator. SEM image below shows the 750 nm wide stripes 
survived successfully after lift- off in acetone bath (refer Figure B5). A 200 nm SiO2 
layer was then evaporated on top of the waveguides to preserve the symmetry of the 
system for the desired mode. The grating periodicity was 416 nm with a groove to 
pitch ratio of ½.  
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Figure B5 30 nm height, 750 nm wide, 20 µm long stripe with gratings at both ends survived 
successfully after lift-off process. Image was produced by author at QUT CARF. 
 
Plasmonic refractive index sensor was fabricated using the same lithographical 
technique. SEM image of the sensor structure is shown in Figure B6 below. For more 
information refer to Chapter 5. 
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Figure B6 SEM image of a plasmonic refractive index sensor consisting of three 750 nm wide, 30 nm 
thick Ag stripes. Outer arms are 25 µm long and central arm is 15 µm long. 
 
B2. Excitation technique 
There are several methods to generate SPP in stripe waveguides. As mentioned in 
Section 2.2, our inhouse experimental setup uses a high numerical aperture 100x oil-
immersion microscope objective to focus laser light on to the sample and collect the 
outcoupling light using the same objective. Schematic diagram of the excitation set up 
used is shown in Figure B7. 
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Figure B7 Plasmon excitation set up. A highly focused laser beam focused onto the sample using high 
numerical aperture objective. 
 
The inverted microscope consists of a light source and a condenser on top of the stage 
and objectives and turret are below the stage facing upward. In this set up, waveguides 
can be viewed clearly under dark field. A spatial filter system is used to provide a 
diffraction limited beam and to transform the laser beam into a clean Gaussian beam.  
He-Ne continuous wavelength laser (532 – 633 nm) is used in this set up. Half-wave 
plate is used to change the polarisation of the incoming light. Light enters into the 
inverted microscope from the backport and is partially reflected upward towards the 
sample by a 50:50 beam splitter. Light goes through a high numerical aperture of 1.3 
achieved using 100x oil immersion objective and is focused onto the sample. Light 
coming out of the high numerical aperture has a large angular spread including angles 
greater than the critical angle of metal/superstrate interface. Glass side of the sample 
is brought into contact with the objective via a layer of index matching immersion oil 
(refractive index 1.51). For successful use of the inverted microscope, structures must 
be fabricated on a glass substrate with thickness less than 0.17 mm as the working 
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distance of the x100 oil objective is around 0.17 mm. If the structures are on a thicker 
glass, sample must be inverted onto a coverslip (thickness   0.17 mm) and glass side 
of the coverslip brought into contact with the objective.  
Coupling can be further enhanced if the highly focused beam is directed in to an 
optimised grating structure at the incoupling end. Light gets scattered when it is 
incident normally to the grating structure. Momentum of the scattered light can be 
manipulated easily by altering the grating periodicity. The reverse process is also 
possible by placing grating structures at the outcoupling end. Plasmons traveling to the 
end of the waveguide modulate with grating and couple to light and radiate. 
